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Summary

The primary aim of this research thesis is to investigate the electronic transport and 

magnetic properties of organic semiconducting materials. Undeniably, experimental and 

theoretical work is needed to conclusively study spin injection, transport and relaxation 

mechanisms in these types of materials. Currently, one of the major challenges that exist for 

organic spin electronic devices is the control and understanding of the ferromagnetic-organic 

interface. This lack of control is counterproductive in achieving tuneable devices with 

substantial reliability. In order to adequately attend to this lack of control, considerable care 

must be taken to fabricate organic devices with precise dimensions while maintaining 

reproducible material quality. If these relevant parameters are accurately tuned with an 

acceptable tolerance level, a wealth of information can be obtained about spin transport in 

these devices. The main approach of this thesis was to systematically explore the temperature 

and magnetic field dependence of spin electronic transport of both crystalline and amorphous 

organic materials incorporating various spin injecting electrodes along with unique structural 

configurations.

Electronic spin-polarized transport devices were fabricated using molecular 

semiconducting nanowires, micro-crystals and amorphous thin films with metallic electrodes 

patterned by photolithography, electron beam lithography and shadow masks. These organic 

materials were either grown by vapour transport, synthesis or thermal evaporation. To gain a 

better understanding of the molecular structure of these materials that influence electron 

transport, structurally analysis was also performed using both destructive and non-destructive 

techniques. This thesis describes in detail the various techniques used as well as the distinct 

features that each material possess. Temperature dependent electronic tran.sport and 

magnetoresistance were observed in various materials with different structural properties. 

Various experimental analyses were performed in order to shed some light on the possible 

contributions responsible for electron injection at the metal/organic interface. The work 

performed in this thesis will also help to provide a better understanding of the critical 

mechanisms that are responsible for spin-transport in organic materials from an experimental 

physics point of view.

Keywords: Spin-polarized transport. Organic nanowires. Organic semiconductor, Alqs, 

Rubrene, Pentacene, C^o, HTP, 8-hydroxyquinoline, Paramagnetism.
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Chapter 1
Introduction

1.1 Background

The unification of spin-electronics and organic electronics has emerged as one of the 

most promising fields of research in recent times. Several academic and industrial 

laboratories have embraced the basic idea of guiding or manipulating spin-polarized electrons 

through an organic medium. This new area of research has been often referred to as organic 

spinlronics [11. Employing organic materials as a transport medium offers several advantages. 

Weak intermolecular bonds present in these materials permits the creation of a wide range of 

structurally tlexible devices which can be incorporated into various applications such as 

displays. Organic systems can easily be chemically synthesized using countless techniques at 

a very low cost compared to inorganic systems. This also opens the pathway for the 

fabrication of low-weight, versatile electronic devices. The use of organic electronics has 

grown tremendously over the last decade with the emergence of organic light-emitting diodes 

(OLEDs) [2]. Companies such as Philips, Kodak and Pioneer have successfully incorporated 

them as displays in products such as mobile phones, digital cameras and automobiles. Other 

firms are researching novel solutions for realizing organic-based transistors, solar cells, 

sensors and lasers. With this in mind, it has long been predicted that OLEDs will capture a 

significant portion of the display market mainly due to the fact that inorganic light-emitting 

diodes (LEDs) remain fairly expensive to fabricate in comparison |3]. In order to truly realize 

this forecast, the efficiency of these devices would need to improve to nearly 100%.

Currently, one solution is to inject spin polarized carriers into both the electron and hole 

transport layers effectively creating only singlets. Achieving significant improvements in 

effectively injecting spin polarized carriers can be realized by adding thin transparent 

ferromagnetic electrodes to the light emitting organic material and applying an external 

magnetic field. Typical OLEDs produce photons due to the recombination of electrons and
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holes transporting through a solid. Whenever a photon is absorbed into a solid an exciton is 

created. An cxciton is commonly referred to as a bound state of an electron and a hole. 

During a typical operating state of an OLED triplet are approximately 75% of the excitons 

formed, while the other 25% are spin-singlets which radiatively combine to emit photons. 

Consequently, the maximum efficiency is restricted to only 25% because the non-radiative 

recombination of the triplets produces phonons and do not contribute to the overall emission 

of light (4J. In order to improve the efficiency of these devices with the incorporation of 

ferromagnetic electrodes, a clear understanding of the relevant spin relaxation mechanisms 

acting upon spin transport through organic materials is needed. This sets the foundation for 

the primary objective of this research project, which intends to study issues relating to spin 

injection, transport, and relaxation. Specifically recognizing the key mechanisms which are 

responsible for spin relaxation in organic semiconductors whether they are intrinsic or 

extrinsic.

1.2 Organic Semiconductors and Electronics

The earliest application for organic materials in electronics was as electrical insulation or 

as a dielectric material, where it was mainly used to support or separate electrical conductors 

from each other in capacitors (2j. As characterization techniques improved over the years, the 

unique electrical and optical properties of these organic materials were realized. In general, 

there are several types of organic semiconductors: small molecules, oligomers (short chain), 

polymers (long chain), etc. Conductivity in organic semiconductors is facilitated by several 

types of carriers depending on the material. In the case of molecules with ;r-conjugated 

systems, electrons travel via overlapping ;r-electron clouds. The core of many of these small 

molecules are created from the o-bonds which are stronger compared to these Ti-bonds [2]. 

Delocalization can occur in molecular systems when 7t-electrons overlap between adjacent 

carbon atoms. The p-orbital overlap between adjacent molecules depends on the orientation 

of the molecules. The bandgap which is normally in the range of 1.5 to 5eV is determined by 

the extent of this overlap.

Conjugated organic materials commonly designated as semiconducting compounds are 

composed of sp hybridized carbon chains. The semiconducting properties of many organic 

materials depend heavily on the degree of molecular hybridization. In these systems and



compounds like ethylene (C2H2), each carbon atom is separated from its neighbor by three o 

bonds and a tt bond. In the case of molecules like benzene, the delocalization of the n 

electrons causes the extension of the orbitals around the molecule and further reduces the 

energy gap between the highest occupied molecular orbital (HOMO) and the lowest 

unoccupied molecular orbital (LUMO). The electron configuration of a single carbon atom 

(I s'2s^2p") has the capacity to bond with other carbon atoms and therefore creating a variety 

of molecular orbitals due to the modification of the electron wavefunctions. In the situation 

where long chains of carbon atoms exists, like in poly-para-phenylene-vinylene (PPV), a ID 

electronic system is created due to the delocalization of n bonds along the chain [5], The 

injection and transport of charge carriers in this system is mainly restricted by the transfer of 

electrons between molecular chains since the orbital molecular overlap is very low. In small 

molecules organics like tris-(8-hydroxyquinoline) aluminum (Alq3) the electron are 

delocalized on the molecule but the transfer of electrons between molecules is related to the 

intermolecular separation.

In the event of bonding between two carbon atoms, Is orbitals are not altered but the 

wavefunctions associated with the 2s orbitals interact with two of the three 2p orbitals
2

creating a level of electron configuration. At a 120° angle relative to each other, the three sp 

orbitals lie on the molecular plane with the remaining p orbital orthogonal to the molecular 

plane. Additional molecular bonds can be made with these exposed hybrid sp" orbitals.

Strong covalent bonds are typically made on the molecular plane, while weak covalent bonds 

are made orthogonal to the molecular plane. The weak bonds contribute significantly to the 

conductivity of the molecule due to the formation of delocalized electron density orthogonal 

to the molecular plane and a path for charge carriers to travel [5).

.Many novel fabrication techniques have been employed to generate thin films and even 

single crystals for various applications. Although conjugated polymers are usually made by 

synthesis, they are often fabricated into devices from solution either by spin-coating or 

printing methods, while small molecules are processed by sublimation, evaporation or self- 

assembly [6J. The mechanical and thermodynamic properties of these van der Waals bonded 

organic molecular samples are intrinsically weak due to the weak intermolecular bonding. In 

comparison to ionic or covalent bonded materials, the bonding energy holding van der Waals 

bonded material together is one of the weakest. This facilitates an unstable material which 

can be altered by external forces which can essentially break the intermolecular bonds.



presenting some interesting challenges in integrating these materials into existing device 

fabrication processes, in order not to decompose or alter the material in any way. Electrically, 

a charge carrier propagating through the material can locally distort the bonds since the forces 

are so weak. This type of distortion along with the carrier can be considered as a quasi

particle commonly referred to as a polaron, which only carries a half spin, A polaron is made 

up of an electron with an associated local structural distortion. If two of these polarons are 

close together then they form a bipolaron and enter a singlet state and will not have spin 

associated with them [7],

Charge carrier transport in organic semiconductors can be described by either band or 

hopping transport depending on the degree of order of the material. Highly pure molecular 

crystals tend to conform to band transport. The carrier mobility at room temperature in these 

crystals is in the range of 1 to 35 cm fVs [8] which is significantly less than that of crystalline 

silicon. Temperature tends to play a crucial role during transport to the extent that there is a 

power law dependence of the mobility. Essentially, the increase in temperature causes an 

increase in thermal agitation of the semiconductor atoms, which results in an increase in the 

lattice scattering [2]. The power law behaviour seen in the mobility as the temperature 

decreases is denoted by n which represents the rate of decay in temperature.

^ oc T " with n = 1 ...3 (1.1)

Hopping transport dominates in amorphous organic solids with a carrier mobility of 

typically lO'^’cm^A's or less. Hopping tends to occur between localized molecular states. In 

this case, the mobility depends strongly on applied electric field (F) and temperature as seen 

in the following relationship [2, 9],

jU{F,T) oc e\pi-AFIkgT) expi^fi-iF Ik^T) (1.2)

The electric field and temperature dependence of the carrier mobility fits directly with 

the well established Gaussian Disorder Model (GDM) proposed by Bassler in order to 

represent charge transport mechanisms in many amorphous organic materials [9], The model 

views the organic material as a collection of transport sites for hopping conduction, while 

each molecule represents a transport site for charge carriers. Each site is unique with their 

own random potential energies and distances in relation to each other. Charge hopping is 

field assisted and thermally activated within the collection of sites.



For both pure crystalline and amorphous organic materials, trapping effects alter the normal 

behavior of these materials during transport. To date, organic thin films such as thieno[3,2-b] 

thiophene have demonstrated similar carrier mobility to amorphous silicon (1 cm /V s), but 

not anywhere near to the mobility achieved in crystalline silicon 110]. There is a similar story 

for the charge carrier density of organic semiconductors, where the magnitude of free charge 

carriers is several times larger in silicon. A shortage of free charge carriers translates into 

very low conductivity if the organic material is very pure, but this can be improved by 

controlled doping using similar methods such as electro-chemical and field-effect doping, as 

exploited in the microelectronics industry. This process has not proved to be as straight

forward as it might seem due to the fact that the purity of organic semiconductors is not 

nearly as high as extrinsic inorganic semiconductors so precision doping is very difficult. In 

addition, organic semiconductors with a relatively low free charge density find it challenging 

to ionize dopants. On the other hand, ultra-pure single crystal organic materials like rubrene 

and pentacene have exhibited reproducible electrical properties with electric mobilities 

reaching 20 cmVVs and 3.5 cm'/Vs, respectively at room temperature [8, 11 ].

The injection of carriers across a typical metal-organic interface is governed heavily by 

the energy barrier height and the density of states at the Fermi level of the contacting metal 

and the organic material. Mismatch of the FIOMO or LUMO levels of an organic 

semiconductor in reference to the work function of a metallic electrode can lead to a 

relatively high contact resistance. The Schottky barrier created at the interface results in a 

non-linear current-voltage (I-V) curve as seen in diodes. This has prompted researchers to 

incorporate metals such as aluminum and calcium with significantly lower work function to 

suppress the interface effects.

1.3 Charge Transport in Organic Materials

Charge-transport in conjugated materials depends heavily on the packing of the 

molecules or chains, the degree of solid state ordering, the density of impurities and structural 

defects originating from the growth condition |8,12j. These all contribute to the transport 

properties which are influenced by energy gained due to electron delocalization in an 

electronic band and geometric relaxation/polarization that surround a single charge in the 

form of a polaron [ 13,14j. The level of complexity increases even further since there are



strong interactions of small polarons with defects. These defects which have various origins 

and charge energies are known to produce localized electronic states in the HOMO-LUMO 

gap. Deep traps occur if the energy difference between the localized states and the mobility 

edge (energy which divides localized from extended states) is greater than keT. In the event 

of a deep trap situation thermal excitation cannot liberate the charge. When the energies 

associated with these localized states are less than keT, they are referred to as shallow traps 

with a finite trapping time [13J. In a standard OFET, the threshold voltage depends a great 

deal on the overall density of deep traps illustrated below

yth _ eN Deep
Trap

C,
(1.3)

The drifting of the trap states closer to the band edge with decreasing temperature 

exposes the strong temperature dependence of these deep traps.

The influence of traps on electronic transport is evident, but determining whether or not the 

observed electrical characteristic in a particular organic material is mainly due to the intrinsic 

properties of the material or is trap-dominated is not trivial. The common consensus is that all 

field-induced carriers can contribute to electron transport providing that the carrier density 

threshold is reached and there is an obvious decline in mobility compared to a trap-free 

system.

The electronic properties of small molecule organic semiconducting materials arc 

determined by the structure of an isolated molecule due to the fact that weak van der Waals 

bonding forces result in a weak intermolecular overlap of electronic orbitals which in turn 

causes the electronic bands to be narrow and exhibit electron-lattice coupling. The low 

symmetry of molecular packing in organic molecular structures is directly related to the 

anisotropy of the transfer integrals between adjacent molecules.

Reports have shown that the intrinsic charge transport in ultra-pure bulk polyacene 

crystals can be described with a significant increase in the carrier mobility with respect to an 

increase in temperature and clearly anisotropic intermolecular mobility [15,16]. In the case of 

single crystal rubrene FETs, anisotropy of surface conductivity has been observed [ 13]. The 

electronic mobility along b-axis of the crystal is approximately three times more than the 

electronic mobility along the c-axis. Further studies have also shown that the mobility 

anisotropy was enhanced due to a small population of shallow traps, but as the temperature is
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reduced the mobility is suppressed since charge transport in this regime is dominated by traps 

[ 13|. The herringbone packing of the molecules in these crystals tends to stack along the b- 

axis essentially orienting the charge transport along the ordered direction of the stack.

The intrinsic transport properties of these organic crystals can also be investigated using 

Hall Effect measurements, where the difference in electrical potential measured across the 

semiconducting channel is induced by an external perpendicular magnetic field. This effect is 

possible due to the fact that a charge carrier that moves through the channel in the presence of 

a transverse magnetic field is affected by a Lorentz force. It is believed that the trapped 

carriers are impervious to the Lorentz force and do not contribute to the Hall voltage, so the 

observed Hall Effect is intrinsic in nature 117]. These Hall Effect experiments revealed that 

charge transport occurred on the surface of the crystal via delocalized states over a significant 

temperature range.

In the case of an OEET device with p-type conductivity, the injection of holes through a 

interfacial Schottky barrier depends heavily on the work function of the metal, electron 

affinity of the semiconductor and the interfacial dipole moment due to charge transfer at the 

interface 113]. Although the barrier height at the interface is relatively constant if the 

Schottky barrier is neglected, the application of an external electric field can alter the width. 

This occurs whenever a large bias voltage is applied on the gate or drain electrodes.

Alteration of the Schottky barrier allows for the injection of carrier over the barrier via 

thermally activated excitation, and through the barrier via tunnelling. The injection 

mechanism commonly referred to as thermionic emission occurs when the contact resistance 

is strongly influenced by temperature and electric field. This contributes to the high Schottky 

contact resistance normally associated with OEETs especially in short channel devices.

An increase in the electric field in the channel, will cause the injected carriers to fill 

localized states associated with impurities and defects in the organic semiconductor. The 

energy linked to these trapped states has more than kaT of separation from the HOMO band 

edge. As the applied gate voltage continues to increase, the Eermi level positioned in the 

HOMO-LUMO gap will move towards the HOMO band edge. Eventually, the energy gap 

between the HOMO band edge and Eermi level will be less than kaT, which will cause an 

increase in the presence of charge carriers at the interface between the gate dielectric and the 

channel. The increase in conductivity within the channel is mainly owing to thermally excited



carriers from the localized states in the HOMO level band. This channel conductivity o is 

commonly denoted as

a,'- L (1.4)

where L and W are the length and width of the channel, respectively. The carrier mobility in 

the semiconductor which is independent of the field-induced carrier density above the 

threshold voltage is denoted as 113,18]

a
H = — ^ 

en
r 1 ^f ]

IT
(1.5)

In this case, the carrier density n is defined asC, (V^ -V^'‘)le, Cj is the capacitance per unit 

area under the gate electrode, is the gate voltage and V^'' is the threshold voltage.

There have been some reports of single crystal OFETs which have exhibited carrier 

mobility independent of carrier density which contradicts the numerous other reports that 

show strong gate voltage dependence on carrier mobility [ 19,20,21]. In cases where the 

mobility is bias dependent, the Fermi level stays in the HOMO-LUMO gap even at high 

potentials due to the significant presence of localized states in the gap. In the alternate case 

where the mobility is not inlluenced by the gate voltage, it is believed that the energy states in 

the HOMO band edge are filled with field-induced carriers which are mobile and thermally 

activated.

Various models have been proposed to characterize band and hopping transport in 

organic materials. The common hypothesis declares that the mobility increases with rising 

temperature in systems where hopping transport is dominant, while in systems governed by 

band transport mobility decreases with increasing in temperature.

1.3.1 Band Transport

Existing band transport models seem not to be able to precisely explain charge transport 

in organic semiconductors due to the fact that the occurrence of charge polarization of its 

surrounding carriers is ignored. The polarization concept in organics is based on the fact that

8



when a charge carrier is in a molecular site, the surrounding sites also become polarized. This 

causes the formation of a charged polarized cloud also known as a polaron to travel through 

the system. Intense polarization tends to occur on a ti electron formed clouds which moves 

towards the centre of the molecule and essentially creates an electric dipole.

High charge carrier mobilities have been observed in ultra-pure organic single crystals 

such as naphthalene, rubrene and perylene. These materials revealed non-ohmic transport 

characteristics at high fields (3kV/cm) with mobilities up to 400cm^A^s at lOK [22]. The 

logarithmic plot of the mobility versus temperature data typically illustrates an inverse power 

law dependence which is a signature characteristic of acoustic phonon scattering in band 

transport. At low temperatures the mobility tends to become increasingly field-dependent 

revealing a = v/Erelationship, where v is the carrier velocity. Interestingly, the overall 

relationship resembles the Schottky model for acoustic deformation potential scattering of hot 

charge carriers that gain energy from an applied electric field [22,23,24]. The derived 

expression that represents the mobility in this case is

1+^
1/2

(1.6)

where is the low field mobility andu^ is the sound velocity.

The decline in mobility with increasing temperature implies that the organic compounds 

have narrow bands. In these systems, the thermal energy of the charge carriers can populate 

higher band states adequately. The highest of these band states normally have nonparabolic 

shape resulting in an increa.se in the effective mass of the carriers in the parabolic region of 

the energy band. The increase in temperature causes an increase in the effective mass as well 

as a decrease in mobility due to the increased scattering induced by thermally populated 

acou.stic phonons.

1.3.2 Hopping Transport

In the case where thermal lluctuations of energy levels become larger than the electronic 

exchange interaction, the transport of localized charged carriers takes on a hopping 

characteristic. When under the influence of an induced electric field, the potential energy



across the distance of the lattice lowers the potential well depth related to the charge carrier.

It has been reported by [25,26] that the applied electric field can both increase and decrease 

the hopping mobility due to the probability of energy-level coincidences. It was predicted that 

the field and temperature dependent hopping mobility of a polaron on a linear chain within 

the lattice is denoted as follows

A (£.7-) = m{E = O.r )exp
1 sinh

e' a ' E
<E

f eaE 
[2k,T (1.7)
eaE
2k,Y

where is the binding energy, is the activation energy and a is the lattice

parameter. This equation was applied to experimental results obtained from a device with the 

organic naphthalene and the fit could only be achieved to an approximation, revealing that 

significantly smaller binding energies were needed and that external inlluences other than 

polarons were contributing to transport.

The basic idea of thermally activated tunnelling of carriers between localized states is 

often used to describe hopping transport in amorphous organic materials, but in reality the 

transport within this regime occurs over a wide range at various energy levels. Carrier 

hopping depends heavily on the hopping distances between localized states as well as the 

energy distribution associated with these states [27]. Assuming that the system is under a low 

bias condition, a resistor network can be used to describe the inherent conductance

Clj = between the hopping site i and site j, where is the conductivity prefactor

and

5- - 2aR.^
\E,-E,\ + \E,-E,\ + \E,-E,\ 

2kJ
(1.8)

The Fermi energy is denoted as £/, while the energies associated with site i and site ; arc

denoted as E- and E ■ respectively. The tunneling distance between sites is represented by

R.^ and the overlap parameter is designated as a. The first term in equation 1.8 describes the

tunnelling process associated with the overlap of the electronic wave function of 

neighbouring sites. The second term incorporates the activation energy associated with the 

probability of hopping events relative to neighbouring sites [27]. This approximation was
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used to correlate the electronic properties of the organic semiconductor with the effective 

carrier mobility in a transistor.

The concept of variable-range hopping (VRH) states that a carrier with high activation 

energy has to hop over small distances while a carrier with low activation energy can hop a 

long distance in order to find a site with similar energy. The density of the localized states in 

this system determines the influence of the activation energy on the hopping between sites. In 

1998, an expression was developed to describe the conductivity of an organic system 

governed by VRH, which has an exponential density of state in contrast to Mott’s formula for 

VRH (cr ~ exp[-(rQ |), which is based on a constant density of state |27,28|. Electronic 

transport in this type of system is based on activated hopping from the Fermi energy to a 

specific energy level and continues to available states mainly at higher energies.

a{d, T) = fj(.
m^,S^rjTY

sT„/T

(2«)^/i^r(l-777o)r(l + 777o)^
(1.9)

where the initial conductivity is represented by (Jq , is the number of the localized states 

per unit volume, S is the occupation of carriers at temperature T, 7q incorporates the width 

of the exponential distribution of states, a is the effective overlap parameter, is the

percolation criterion and T represents the gamma function. The conductivity of this system 

shows a sublinear increase with carrier density, due to the filling of localized states.

In the event of an applied electric field as in an OFET, charge carriers fill the lowest 

energy states in the semiconductor and as additional charges are generated, higher energy 

levels will become filled. The resulting field-effect mobility expression [27] incorporating the 

conductivity for the VRH model is as follows

Bfet
(Tn ;r(7o ri'Y

r„/r

(2«r)^7),r(l-777o)r(l + r/7'J,
MI
2k J' e c

\t \

(1.10)

where €■ is the insulator capacitance per unit area, g ^ is the dielectric constant of the 

semiconductor and the gate voltage is represented as .
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In recent times, several organic materials have been reported to exhibit transport 

characteristics corresponding to the Meyer-Neldel rule (MNR), which is often observed by 

measuring the field effect mobility [29,30,31],

f
f^FE = Mo exp

-E^

V J
(l.ll)

where the field dependent activation energy is denoted as and the prefactor mobility is 

represented by The inclusion of the Meyer-Neldel energy ( ) and mobility (//^^), the

field effect mobility can be modified to reflect the MNR as shown

Mfe ~
\ 1 y

k T EV yj
(1.12)

Although this model assumes an exponential distribution for the density of states, it 

exhibits similar characteristics to the multiple trapping and release model (MTR) often used 

to describe charge transport in some amorphous materials. The models are based on the 

trapping and detrapping of charge carriers in a narrow energy band where the concentration 

of carrier trapping states is relatively high.

L3.3 Space Charge Limited Currents (SCLC)

It is well known that charge carrier transport in organic systems depends on the injection 

from metallic electrodes into localized electronic states and the existence of deep or shallow 

traps at the metal organic interface. The use of space charge limited current spectroscopy has 

become one of the most effective ways of investigating these transport mechanisms [2].

There are four distinct transport regimes that can be observed from the current-voltage curve 

on a log-log scale. At low bias voltages the measured currents exhibit a linear behaviour that 

coincides with the ohmic regime, where the slope is I. In this regime, the transport 

mechanism is purely due to thermally excited carriers, therefore leaving the deep traps empty. 

At a certain potential, traps are filled rapidly as the Fermi level moves across a region with a 

high density of traps and a significant increase in current is observed. As the voltage potential 

increases the measured currents become non-linear which is an indication that the space 

charge limited current regime is achieved. In this region, the space charge controlled injected



holes arc the main source of transport. At a significantly larger bias voltage commonly 

referred to as the trap-filling voltage , all the traps will become filled and an extremely 

sharp current increase will be observed [2]. The subsequent currents at even much higher 

voltages would not be inlluenced by the trap density. As mentioned above, the point of 

transition to the trap-free regime can be used to estimate the density of deep traps.

In order to obtain a better understanding of the limitations associated with the space 

charge limited current regime an analysis was made based on the main contribution to the 

current density J. The following initial conditions are carefully considered [32,33,34,35]. 

They are that the 1-D unipolar current How along the semiconductor path, homogenous 

distribution of traps at a single discrete energy level, ohmic contacts and carrier mobility 

independent of applied electric field. The diffusion of charge carriers is typically ignored.

Using Boltzmann statistics to define the number of holes injected along the 

semiconducting channel length (£) from x - 0 io x = L, the density of free charge carriers 

{ n f) is defined as follows [32,33,34]:

n j = Ny exp £V(-^)
V j

(1.13)

while the density of the localized trapped carriers («,) incorporates the Fermi-Dirac statistics 

as shown

n. =
h{E)

+ exp
(1.14)

kj

where N^, is the effective density of states in the valence band, A] is the energy in the trap 

state, /7(/f)the energetic distribution of localized states, and kg is the Boltzmann’s constant. 

In the initial stages of the space charge limited regime, the current is suppressed due to the 

trapping of injected carriers. The current suppression is related to the ratio 61 between the 

density of free charge carriers and the total number of carrier densities («,,/) as shown 

[33,34]

6 =
N.

-exp
ksTj

(1.15)



where is the effective density of states in the conduction band, represents the density 

of traps and represents the energy below the conduction band with a specific group of 

traps. The current density is defined as

j{x) = e/Jiif {x)E{x) (1.16)

where E{x) is the electric field and /u is the charge carrier mobility. Using the following 

Poisson’s equation

dE{x)
dx

(1.17)

where Gq is the permittivity of free space and e,.is the dielectric constant of the material, the 

current density expression has been modified to incorporate the diffusion contribution as 

shown [33]

J = ^ E
dx

(1.18)

therefore

Jx E\x)-E^{0)
(1.19)

If the position of the injecting electrode is x = 0, the expected electric field is equal to zero. 

At any other point the electric field is expressed as

E{x) = 2Jx
(1.20)

Integrating this equation using the initial boundary conditions reveals the current density 

expression that reflects the Mott-Gurney law, JaV^ (Child’s Law in solids) [32,33]:

9
8 ° /?

(1.21)

where the applied voltage is denoted as V. The Mott-Gurney law inherently assumes that the 

spacer material is mainly insulating and independent of electric field. In the case of a pure
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organic semiconductor where the field dependence of the mobility is apparent, the Poole- 

Frenkel emission theory as shown below was incorporated [32|.

/v(f:) = //o expVt: (1.22)

with the Poole Frankel coefficient =
j

where is the dielectric permittivity. The

resulting space charge limited current approximation of the current density is given as

/^O exp 0.89^ (1.23)

/.4 Organic Spin Electronics

The exploitation of electron spin stems from the fundamental quest of increased circuit 

density and performance by minimizing device feature size. Although this presents some 

interesting practical and physical challenges, the future of electronic technologies depends on 

the development of novel solutions to these problems. The rapid scaling of functional devices 

to achieve high densities has encountered various power limitations. Attempts have been 

made to remedy this increasing power consumption problem by lowering the operating 

voltage, incorporating new materials, using heat sinks, etc. but none seem sufficient to keep 

pace with the ever increasing power density levels for the new generations of devices. The 

emerging consensus of experts within the semiconductor industry is that a more sustainable 

approach is to move away from charge-based devices which inherently have this power 

dissipation problem 136]. In relation to the fundamental physics of time-reversal symmetry, 

the spin current and the electric field both transform in the same way where their intrinsic 

coupling can be non-disspative 11,36,37). Based on this fact, spin-electronic devices in theory 

should essentially require a lot less electrical power to operate and exhibit notably faster 

processing speeds compared to charge-based electronics which tend to lose a significant 

amount of power due to various dissipation mechanisms. These low power spin electronic 

devices are capable of facilitating critical functions for the information technology industry 

where operations involving data storage, digital processing and communication arc required.
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Currently, there are many successful spin electronic devices on the market used in 

sensors, recording heads and non-volatile memory. Many of them are all-metallic structures 

based on giant magnetoresistance (GMR) |38], a purely spin-dependent effect. One of the 

most basic of these devices is the spin-valve (SV) as shown in figure 1.1. It consists of two 

ferromagnetic (FM) electrodes with different coercive fields (IC). One of the ferromagnetic 

electrodes is used as a spin injector, while the other is used as a spin detector. Both electrodes 

are normally separated by a non-magnetic (NM) material often called a spacer. The source of 

the GMR effect is due to the transport of spin from one ferromagnetic electrode to another. 

The purpose of the spacer is to ensure that the spins of the two electrodes are exchange 

decoupled. The relative orientation of the magnetic moments of the two electrodes 

determines the electrical resistance. An external magnetic field is used to adjust the relative 

orientation between an antiparallel (AP) configuration and parallel (P) configuration [37, 38J. 

Originally, GMR devices were fabricated in a current-in-plane (CIP) geometry where the spin 

subbands in the FM electrodes are split by exchange interaction causing finite magnetization 

at thermal equilibrium and in turn resulting in a different density of states and Fermi velocity 

for both spin-up and down electrons. Due to the difference in bulk conductivity for both spin- 

up and down electrons, the majority of the current is carried by the electrons with the highest 

conductivity, which in most cases refers to the majority spin electrons. When electrons with 

opposite spin to the magnetization of the FM layer occur, spin scattering is very strong. This 

is in large contrast to weak spin scattering for electrons with spins parallel to the 

magnetization of the FM layer. In order to ensure a significant change in resistance, the 

spacer material should be thinner than the electron mean free path for spin-scattering, while 

the mean free path of the majority carriers should be larger than the thickness of the FM 

layers [1 ].

In a current-perpendicular-to-plane (GPP) geometry both the spin-up and down currents 

are determined by the polarization of the current in the FM layers. The rate at which spin is 

injected to the spacer material and the inherent spin relaxation time are major contributors to 

the spin accumulation magnitude. In this case, the difference in resistance in both the parallel 

and anti parallel configurations is related to the scattering potential at the interface between 

the FM and the spacer layer [38]. In this geometry, the spin relaxation length is the critical 

length scale, since there is an exponential decay of spin from the injecting electrode. A good 

example for how enormous the potential success of a spin electronic device can be is the 

GMR recording head. Originally entering the market in 1998, the GMR recording head
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dominated the hard disk industry within five years, providing superior performance 139]. A 

few years later, IBM and Motorola introduced tunnel magnetoresistance (TMR) based non

volatile memory to the market. This TMR effect is normally observed in magnetic tunnel 

junction (MTJ) devices where the non-magnetic spacer is replaced by a thin insulating 

material. The inclusion of this material results in a significant change in resistance when the 

relative orientations of the magnetic moments of the two electrodes are tuned by an external 

magnetic field. For example, the highest TMR ratio obtained so far for a MgO-barrier MTJ is 

approximately 500% [40], compared to a typical GMR spin-valve which has a GMR ratio of 

approximately 8-21% [41 j.

NM

Figure 1.1 Schematic of GMR device configuration: a) Parallel h) Anti-parallel

The non-magnetic spacer can be replaced by an organic material resulting in the creation 

of an organic spin-valve, which can be regarded as a TMR or GMR device according to 

whether transmission across the organic layer is by tunnelling or hopping. Over the last 

decade, the use of organic materials in electronic devices has emerged as a viable alternative 

for cheaper and flexible devices. So far these types of materials have been implemented in 

devices such as LEDs, displays, solar cells, etc. In this way, these materials are currently 

being exploited for their charge-carrier transport properties which are tunable. It has been 

known for a long time that the spin-orbit interaction in organic semiconductors arc weak 

compared to inorganic semiconductors due to the fact that organic semiconductors are 

composed of light elements such as carbon, hydrogen, nitrogen and oxygen. Although the 

spin degree of freedom should mainly couple to the magnetic field, there is a low probability 

that there will be significant interaction between the electron’s spin and its orbital motion 

around an atomic nucleus. To this effect, the incorporation of an organic spacer should allow 

for the efficient transport of electron spin in an ideal case.
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Although the term organic spin electronics implies that the spin electronic device is 

completely organic, this is rarely the case. The non-magnetic (metallic or insulating) spacer 

material of a standard GMR or TMR device which is replaced by the organic material still 

has two ferromagnetic electrodes for spin injection and detection. Essentially, almost all 

organic spin electronic devices reported to date have actually been hybrid structures 

containing both organic and inorganic materials. There have been reports of certain organic 

materials such as [Fe”’ (C? Me5)2] [tetracyanonethylene] exhibiting ferromagnetic 

characteristics |42], but they have not yet been implemented into a totally organic spin 

electronic device.

These hybrid organic spin electronic devices tend to pose a conductivity mismatch 

problem which has been studied over the last decade [43J. This obstacle basically makes it 

challenging to detect subtle changes in resistance within an organic spin valve device. The 

total resistance of these devices are typically dominated by the resistance of the organic 

semiconductor which has a significantly lower conductivity [ 1,43]. This can be explained 

further assuming that the interface between the two materials is perfect, implying that it is 

without spin scattering or intolerable interface resistance. This would cause in the 

electrochemical potentials and current densities for the spin-up and spin-down direction to be 

continuous. If the current How is one-dimensional in the x-direction, the current density is 

directly proportional to the gradient of the electrochemical potentials. The total current 

density at the interface would be proportional to the splitting of the electrochemical potentials 

at the boundary of the two materials. The electrochemical potentials inside the material 

decays exponentially as the difference between them diminishes to zero. Since the spin-llip 

length within a semiconductor can far surpass that of a ferromagnet, the infinite spin flip 

limitations within the semiconductor can cause the splitting of the electrochemical potentials 

at the interface which is constant throughout the entire semiconductor. Therefore, the 

conductivity mismatch can influence the injection of spin-polarized electrons through the 

organic semiconductor[431. Under these circumstances, the use of a fully spin-polarized 

ferromagnetic electrode for example the half-metal LaSrMnO^ (LSMO) should allow for the 

efficient injection of spins at the interface [44]. This is due to the fact that LSMO has only 

one spin subband that is occupied at the Fermi level and in this case results in a fully 

polarized conduction band of 3d character with no s band at lower energies. Providing that 

the interface between LSMO and the organic material is of high quality, the probability of 

injecting spin-polarized electrons from the 100% polarized half-metal into the organic
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materials should be improved significantly. In contrast to using a more common 

ferromagnetic material such as cobalt where the spin polarization is around 45%, LSMO is 

believed to offer a better alternative for side stepping the conductivity mismatch problem.

The ability to minimize the loss of spin polarization during transport gives organic spin 

electronic devices an advantage over all-metallic devices because it enables the possible 

implementation of novel three or four terminal devices, etc. Spin relaxation time, also known 

as spin lifetime, is directly proportional to the average spin-flip time for an up-spin to flip to a 

down spin (tt,) and the average spin-flip time for a down-spin to flip to an up-spin (t^t) 

|45,46]. In principle, when no force is applied to the system the two spin populations are in 

equilibrium. In the case of a ferromagnet material, the two scattering times are not equal to 

each other, due to the dependence of the Fermi surface on spin [1].

1
=------------+ —

r..; r
(1.24)

It has been reported that the spin relaxation time in metals are of the order of lO '^-IO '^s, 

while the time in organic materials they are much longer in the range of 10^-10''’s [47, 48]. 

The fundamental reason for such long spin relaxation time in organic materials is thought to 

be the weak spin-orbit interaction. This is in contrast to the dominant spin relaxation 

mechanism in inorganic materials, which have strong spin-orbit coupling and hyperfine 

interactions [49j.

In comparison with other materials, hyperfine interactions in organic materials are very 

weak, even when nuclear spins exist. This is due to the fact that Ti-conjugated molecules with 

delocalized molecular states do not overlap with hydrogen or carbon atoms. In addition, the 

wavefunction associated with the ;i-electrons consists of p^ orbitals which share both nodal 

and molecular planes [46,50,51].

There are effectively three well known spin relaxation mechanisms which occur in non

magnetic solids: Elliot-Yafet (EY), D’yakonov-PereF (DP) and Bir-Aronov-Pikus (BAP).

The spin relaxation time due to the EY mechanism is proportional to the momentum 

scattering time, which infiuenced by impurities at low temperatures and phonons at high 

temperatures [52]. The DP mechanism is linked to heavy electron scattering which reduces 

the spin relaxation rate since the spins cannot follow the rapidly changing internal magnetic 

field [53]. Systems that have an exceptional amount of interrelated electrons and holes are
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susceptible to the BAP mechanism, which is strongly dependent on electron-hole exchange 

interaction and will directly play an important role in the spin relaxation rate |54].

The investigation of spin relaxation in semiconductor materials such as bulk silicon is a 

lot less exhaustive compared to III-V or II-VI materials [55]. The main reason for this is that 

the only technique competent to effectively detect spin relaxation in silicon is conduction- 

electron spin resonance (CESR) due to the indirect band-gap which makes detecting the weak 

spin orientation signals optically very difficult [56]. Silicon has some inherent characteristics 

which causes spin relaxation to be comparatively slow, one is the existence of inversion 

symmetry and the other is the lack of nuclear moment for the main isotope.

In the 197()’s, an extensive experimental study of spin relaxation in low-doped silicon 

was performed by Lepine [57]. Three distinct temperature regimes were identified in relation 

to samples doped with phosphorus at levels ranging from 7.5x10'“’ to SxlO'^cm '’. From 20 to 

75K, spin relaxation decreased with increasing temperature. This was attributed to the 

dominating hyperfine-intcraction mechanism, where ground donor states are bound by 

electrons but are able to jump to higher states due to thermal excitations. Spin relaxation 

continued to decrease with temperature between 75 and 150K which was said to be caused by 

spin-orbit interaction in the first excited donor state due to thermal motion. Above 150K, the 

spin relaxation rate increases with temperature in agreement with the Elliot-Yafet mechanism 

]57]. Experiments of this nature provides valuable information about spin relaxation in 

semiconductors of this type, but sets the foundation for predicting the non-idealistic 

behaviour obtained when incorporated within a multi-layered device with different materials. 

According to Zutic et ah, spin relaxation in semiconductor heterostructures are caused by 

random magnetic fields originating either from the base material or from the heterostructure 

itself [55]. Although all the spin relaxation mechanisms discussed above are still relevant for 

these structures, significant responses depend heavily on the type of material, doping and 

geometry. The length scale in which spin electronic materials loses their spin polarization is 

referred to as the spin relaxation length (i^). This parameter is very important for the 

functionality of a spin valve because if the distance between the ferromagnetic electrodes is 

longer than thef ^, the device will not work as expected. In the case of non-degenerate

semiconductors, the f is defined as [58]
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(1.25)

with kg representing Boltzman constant, T the temperature and n the total number of 

carriers and the resistivity of material being used as the spacer. For non-magnetic metals

and degenerate Fermi gas semiconductors, the strong dependence on the spin lifetime can be 

observed from the following equation [58J.

^4e^N(E,)p,
(1.26)

where NiEg) is the density of states (DOS) at the Fermi level (Eg). In a simplistic way, this 

equation could be used to estimate the spin relaxation length in an organic .semiconductor, but 

due to the relatively low conductivity of these materials the major contributors to spin 

relaxation is entirely different and warrants a novel approach.

So far, it has been extremely challenging to accurately define a theoretical model to represent 

the i in organic material, since so much is .still unknown about the spin transport 

contributions, compared to inorganic materials such as II-Vl and III-V .semiconductors where 

spin-orbit coupling and hyperfine interactions are the dominate contributors to spin relaxation. 

Selective optical techniques used for measuring spin relaxation cannot be exploited for 

organic materials due to weak spin-orbit coupling and hyperfine interactions. Experimentally, 

the £ could be determined by varying the distance between the two ferromagnetic electrodes 

in a spin valve configuration and measure the decay of the magnetoresistance signal. Another 

approach is to extract the spin relaxation time using electron paramagnetic resonance (EPR) 

measurements taking into account the temperature dependence. Assuming that the 

organic/ferromagnetic interface is not very rough and will not dramatically inhibit the 

injection of spin polarized electrons in the organic material, the^^ can be estimated [58].

In the case of spin-OLEDs, the spin relaxation time would need to exceed the exciton 

lifetime considerably in order to guarantee that the singlets maintain their states until 

recombination occurs. This is due to the fact that excitons form in one of two spin states, 

singlet state (S = 0) or triplet state (S = 1). When triplet states are formed, particles 

nonradiatively decay back to their ground states. The other excitons formed in a singlet state 

tend to recombine and release energy in the form of photons. It is known that statistically,
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triplet states are three times more likely to be formed than singlet states so it is crucial that the 

generated excitons remain long enough in order for the emission to be controlled by the 

magnetic field.

Organic semiconductors have been known to be limited by low intrinsic carrier density; 

therefore techniques such as controlled doping have been employed in order to improve the 

carrier density [2], At present, controlled doping of organic materials is still in its early stages 

so alternative solutions such as the injection of carriers are constantly being explored. Using 

metallic contacts, free carriers can be adequately injected into these organic materials. If the 

organic material is highly disordered, carrier hopping between localized sites is the main 

conduction mechanism behind the electron transport, compared to band transport which 

facilitates conducting electrons in well-ordered organic materials.

The Schottky junction formed at the metal-semiconductor interface plays an important 

role in the injection of carriers due to the fact that Schottky energy barrier depends heavily on 

the work function of the contacting metal. This effect is frequently exploited when fabricating 

devices where metals with low work functions are u.scd to inject electrons into the LUMO, 

while metals with high work functions arc used to inject holes into the HOMO. Efficient spin 

injection into organic semiconductors from ferromagnetic metals is thought to be difficult due 

to the conductivity mismatch between the two materials. Moreover, the non-equilibrium spin 

state directly corresponds to energy separation between Fermi levels of electrons with 

different spins 159]. In 2004, a model was developed by P. P. Ruden et.al.|60] to describe 

spin injection and transport through an organic material. The organic semiconductor is 

defined by band energyalong with conduction and valence states with narrow energy

widths.
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Figure 1.2 Band Diagram Sketch of device structure [60]: Model consists of two FM metal 
contacts with resistive interface layer sandwiching a semiconductor. The quasi-Fermi levels 

for the charge carriers, a) Parallel polarization h) Anti-parallel polarization

The model defined an organic semiconductor sandwiched between two ferromagnetic 

electrodes and assumes that only negligible spin scattering occurs at the ferromagnetic- 

semiconductor interface as shown in figure 1.2. This simplifies the model to some degree 

since both spin current and charge arc presumed consistent across the interface. The electron 

mobility characterized by the Poole-Frenkel principle [60] is

//(F) = //oexp[(/< (1.27)

where the material parameters are denoted as /Zq and Fg, while F is the electric field. 

Therefore, the current densities for the spin up yVand spin down carriers arc defined as 

follows:
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where ihe conductivities of spin up and down electrons are denoted as = aa and

= (1 -a)cr respectively. The spin polarization in the ferromagnetic bulk is denoted as« . 

The electroehemical potentials for the spin up and down electrons are represented as jU-^ i^nd

e is the magnitude of electrons charge. The following diffusion equation illustrates the 

diffusion of spins in the ferromagnetic electrodes |6()].

dx^

f \
(1.29)

where is the spin diffusion length. The total charge and spin current can be represented as 

./ = jf + ./1 and - y, respectively. At the interface where (x=- S ), the spin current is

denoted as

j,i-S) = {2a-\)j + 2a{\-a) —- [//^(-^)-/y (-tJ)] (1.30)

The interface resistances R- , for spin up and down electrons are used to characterize the

interfacial region (- S <x<0). If the ferromagnetic electrode is polarized to the extent that 

{a~ > cr^), then it is assumed thatf?.^ < R . This is mainly due to the fact that conductivity is 

inversely proportional to resistance. Therefore, if the spin up electrons associated with the 

polarized ferromagnetic electrode has populated the interfacial region causing the 

conductivity for spin up electrons to increase relative to the conductivity for spin down 

electrons, then the spin up interface resistance is expected to reduce accordingly relative to 

the spin down interface resistance.

The proposed model incorporates both Poisson’s equation for electrostatics and drift- 

diffusion equation for charge carriers [60]. They are solved together with boundary 

conditions for the drift-diffusion equation determined by intcrfacial injection. The injected 

current associated with each type of spin J^ t ^ consists of three types of currents: thermionic
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emission, interface recombination (the time reversed process of thermionic emission) and 

tunneling (evident at high electric fields) as shown in the following term [60].

f.T.i A T^e
A T^n.^ (O')

+ J t.T.i (1.31)

where A* is Richardson’s constant, is the spin dependent Schottky barrier height, T is

the temperature, is Boltzmann’s constant, (O ’) is the electron density of carriers at the

interface, is the effective densities of states and J^ ^ is the spin dependent tunnelling

current through the Schottky barrier. The barrier height depends heavily on the spin since the 

two spin directions are influenced by the quasi-Fermi levels. The first term of the above 

equation represents the thermionic emission currents, while the second term represents the 

interface recombination. Assuming that the spin and charge currents are continuous at the 

interface, the spin scattering in the interfacial layer would be considered negligible. The 

injected electron charge current density in the semiconductor is defined asd,,^^, while the

injected spin current density is also defined by J^. .

Js,ni = -Js

J,nj = -K-S)
(1.32)

The electrochemical potentials on both sides of the ferromagnetic layer correlated by 

(-S) - ^(0 )- eR^ , j~ ^ illustrating that the spin dependent contact resistance

facilitates the interfacial tunnel barrier. Providing that the spin scattering at the interfacial 

layer is insignificant, the difference of the quasi-Fermi levels at the interface should be 

minimal. This generates the principle that the injected spin current density would primarily be 

inlluenced by charge current density and spin density rather than electrochemical potentials. 

Ruden et. al.’s analysis has revealed spin polarization at high voltages is due to spin-selective 

tunnelling through the Schottky barrier region [60]. Increasing electric field near the junction 

is instrumental to the increase in the tunnelling cunent even more than the thermionic 

emission current. At low bias voltages for Schottky barriers, the total injected current is 

mainly dominated by the magnitude of both the thermionic emission and its time reversed 

component. This is an indication that the population of electrons at both sides of the 

semieonduetor/metal interfaces are close to quasi-equilibrium. Thermal equilibrium is not
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able to quench the spin population at the semiconductor/metal interface due to the high 

electron density in the contacting metals.

The transport of spin polarized electrons through the organic semiconductor is somewhat 

bias dependent: At large bias voltages the spin relaxation time is larger than the electron 

transit time, where as at small voltages both times arc reasonably close to each other. It was 

also found that the quasi-Fermi levels cross within the organic layer close to the electron 

injecting electrode for all bias voltages [60]. This illustrates that drift is not the dominant 

tran,sport mechanism, although the transit time is long in comparison to the spin relaxation 

time and with every increasing distance from the injecting electrode the current polarization 

decreases.

According to Pramanik, et. al. [61], the temperature-dependent spin relaxation 

tim.eTjfZ'jcan be estimated from, the spin diffusion length /Ij- in relation with the temperature 

dependent drift mobility jU(T). This is reOected in the following spin relaxation time equation 

where (7’) = I k^TfU{T). In another case, where elastic Coulomb scattering is the main 

contributing mechanism, mobility would be temperature independent and spin relaxation time 

equation would be defined asr^f/') = eA^ /kgl'ju .

1.5 Organic Spin-Valves and Magnetoresistance

The first well known report of spin injection into an organic semiconductor material 

utilized the 7t-conjugated oligomer called sexithienyl (Tg) [44]. In this work, Dediu et al. 

defined a lateral two terminal device using LSMO. Room temperature MR effect was 

observed, but since the coercive field of both electrodes were the same independent switching 

was not possible. The small 7i-conjugated molecule tris (8-hydroxyquinoline aluminium),

Alq3 was incorporated into a vertical spin valve structure where LSMO and Co were used as 

bottom and top electrodes respectively [62]. Xiong et al. reported 40% negative spin-valve 

effect MR at 1 IK for 40nm thick Alq3 layer. The observed negative spin-valve effect MR 

refers to an inverted spin-valve signal where the anti-parallel configuration is the point of 

lowest resistance. Since the publication of both Dediu’s and Xiong’s work, it has been 

speculated that the observed effects might be mainly due to high field magnetoresistance 

(HFMR) which is directly related to the LSMO electrode. The HFMR is reported to originate
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in polycrystalline samples at low temperatures in the presence of an intergranular Coulomb 

gap plus a tunnel barrier. More recently, room temperature spin-polarized tunneling through a 

thin Alq3 barrier was reported. A thin layer of AI2O3 along with the Alq3 layer was 

sandwiched between NiFe and Co electrodes to obtain a positive TMR of 6% [451. 

Experimental work performed by Pramanik et al. [61J on Co/Alq3/Ni nanowire structures 

explored the possible spin relaxation mechanisms that were responsible for the I % MR effect 

at low temperatures.

Organic magnetoresistance (OMAR) is one of the new interesting phenomenons in spin 

electronics. This reported MR effect is observed in organic semiconductor structures with 

non-ferromagnetic electrodes [63]. Low field room temperature MR signals of up to 10% 

have been seen in several n-conjugated polymers and molecules. Defined as

_ R(B)-RiO) 
R ~ R{0)

(1.33)

where B is the applied field which is normally around 5-10 mT depending on the material 

[63|. Reported MR effects have been either positive or negative and do not strongly depend 

on temperature or field direction. However, it has been stated that the MR effect is somewhat 

dependent on applied voltage and carrier density. Possible transport mechanisms are currently 

been debated in order to explain this OMAR effect. Hyperfine interaction, electron-hole 

recombination and Pauli blockade restricted hopping are all likely candidates.
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Chapter 2
Experimental Techniques
2.1 Introduction

This chapter gives a brief introduction to the main equipment used to fabricate and 

characterize the various materials and devices created during this project.

2.2 Absorbent-Assisted Physical Vapour Transport

Physical vapour transport (PVT) is a general deposition technique used to describe the 

growth of a vaporized material on a given substrate. This purely physical method depends 

strongly on the non-reactive gas transport of a source material to a substrate or area which 

promotes the growth of the desired thin film or crystal. This is performed in a PVT furnace 

which has a quartz tube with a stabilized temperature profile along the tube due to an external 

heater. The external heater creates a linear temperature distribution over the length of the tube. 

The starting material is typically placed into the area of the tube with the highest temperature 

and maintained over a specific growth period where sublimation can take place efficiently.

The absorbent-assisted physical vapour deposition (AA-PVT) process is a slightly modified 

version of the PVT, where a neutral absorbent material is introduced to the source material 

prior to deposition [ 11. The addition of the absorbent fundamentally improves the 

dimensional uniformity of the grown material by controlling the degree of saturation, 

assuming that the source and the absorbent material have an adsorption-desorption 

equilibrium. Achieving good dimensional uniformity is critical in obtaining wires with a 

consistent diameter throughout the entire length of the wires.

33



Source/Absorbent

Figure 2.1: Schematic of ahsorhent-assisted physical vapor transport setup

The basic AA-PVT sel-up shown in figure 2.1 is similar to a standard PVT set-up which 

consists of a long quartz tube which is inserted into a standard tube furnace. Both ends of the 

tube are sealed tight only allowing an insertion for the injection of gas and another for the 

exhaust. Ultra-pure argon or hydrogen gas is normally used as the transport gas for this 

process. A crucible containing the source and absorbent materials are placed in the centre of 

the tube and furnace. The substrate is positioned inside the tube, but outside the furnace at the 

center of a water cooling tube or the low temperature areas of the tube where crystallization 

takes place. The water cooling tube can promote the rapid crystallization of the growth 

material.

As the vaporized molecules get transported along the lower temperature regions of the 

tube, crystallization will occur at the appropriate temperature depending on the molecule. The 

crystallization rate which heavily depends on the density of the molecule, will slightly 

increase compared to the sublimation rate and free standing crystals will grow [2]. The PVT 

growth process can also promote material purification due to the fact that precise temperature 

control of the furnace can suppress transport of heavy molecular impurities. This can be 

achieved by maintaining the furnace temperature very clo.se to the sublimation temperature of 

the source material. Since heavier molecular impurities would require higher temperatures to 

sublime, they would remain in the starting area. The crystallization region is typically around 

2 to 3 cm wide and is well separated from the impurities.
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2.3 Organic Thermal Evaporation

Although PVT is useful for fabricating crystalline organic materials, it is not efficient in 

creating amorphous thin films. In order to create vertical spin electronic structures, the ability 

to deposit relatively consistent thin films would be very advantageous and an organic thermal 

evaporator provides that ability. A manual bell jar thermal evaporation system shown in 

figures 2.2 and 2.3 was .specially built in-house for thin film deposition. It consists of two 

thermal sources made with tungsten filaments, a Q-pod quartz crystal monitor (QCM), a 

substrate holder with heating capabilities, a shutter, 3 thermocouples and a feedthrough for 

injecting gas. Contamination between the two thermal sources is minimized by the 

installation of a stainless steel divide. The pressure in this bell Jar configuration is maintained 

by a Pfeiffer Turbo-cube pumping system which is connected through the base plate. The 

pressure is monitored by a full range compact ion gauge also mounted through the base plate 

as well. The Q-pod QCM operating at a frequency of approximately 6 MHz is controlled by 

an accompanying software and is connected via USB port to a personal computer (PC). A 

standard Wayne Kerr AP6()5()A power supply is used to apply large currents to the thermal 

sources.

Figure 2.2: Organic thermal evaporator
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Figure 2.3: Side-view schematic of organic evaporator (Reprinted from Sigma Instruments
Manual fS].)

This organic evaporation technique basically consists of heating an organic material into 

a high vacuum chamber. The vapours created due to this thermal energy, will condense on a 

specified substrate surface and chamber walls in the form of a thin film. To prevent any 

interference from gas-phase atoms and impurities incorporated from residual gases in the 

vacuum chamber, material growth is performed at pressures lower than 1x10'^ mbar.

2.4 Shamrock Sputtering System

In order to fabricate either lateral or vertical spin electronic structures, the ability to 

deposit ferromagnetic, non-magnetic and insulating materials is necessary. A high precision 

sputtering system provides the ability to make electrical contact to a wide variety of materials. 

The fully automated Shamrock sputtering system currently hoirsed in a class 1000 cleanroom 

is commonly used to deposit high quality metals and oxides in our spin electronics group. It 

consists of a cassette module, a transfer module and three deposition chambers which are all 

kept under vacuum pressures below 3x10’^ Torr. High precision slot valves are used to 

efficiently separate each chamber and maintaining good vacuum levels. The entire system 

shown in figures 2.4 and 2.5 is controlled by a software program that allows the precise 

control of each deposited layer along with the rotation of each target and the movements of 

the robotic arm. The robotic arm which is located in the transfer module (TM), transports 

wafers to and from each deposition chamber. Wafers are normally loaded manually into the 

cassette module (CM), which can hold up to 16 slots for individual substrates. The robot arm 

normally picks the wafers from the transfer module and transfers them to the designated 

deposition chamber where the wafer is placed securely faced-down into one of the four 

planets in the turntable. Each planet is enabled with an array of permanent magnets that
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possess in-plane fields of up to 5mT. This allows for material growth with induced magnetic 

easy axis. During deposition, the turntable rotates around its centre axis and at the same time 

each planet will also rotate resulting in a well uniformed deposited film. The deposition rate 

is calibrated by measuring the thickness of specified calibration samples using X-ray 

reOectometry. Typical deposition rates for ferromagnetic materials in this system are around 

0.1 A/s. Substrate holders currently used can hold both rounded (4” or 2”) and square 

(10x10mm or 5x5mm) substrates.

Figure 2.4: Shamrock sputtering system

Figure 2.5: Top view schematic of Shamrock sputtering system
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The deposition chamber A holds six 3” water-cooled series III magnetron S-guns, which 

facilitate sputtering at high rates and work in DC mode. The cathode biases for all six S-gun 

sources are provided by six individual 2.5kW Advanced Energy power supplies. Two 

additional HP power supplies are available for controlling the anode bias on these guns if 

needed to increase the deposition rate even further. The ionization efficiency of these sources 

was improved by the creation of an electron trap due to an applied magnetic field parallel to 

the cylindrical cathode surface. This es.sentially maintains the principal motion of the 

electrons in the area of the cathode. Uniform deposition is also ensured by the motorized 

rotation of the turntable with four independently rotating planets holding substrates. 

Additional features for enabling RF power supplies and ion milling for surface cleaning arc 

also available.

Chamber B is a custom-built Plassys MP90() sputtering system which is integrated into 

the Shamrock tool. This chamber is primarily used for the deposition of oxides and the co

deposition of specific metals. It consists of two 3-target DC clusters, two target facing target 

(TFT) guns with RF power supplies, one ion milling gun and a substrate heater. The 

sophisticated design includes shutters, gas rings, shielding chimneys and the option for tilting 

of the substrate. The typical base pre.ssure for this system is 3xl()’^Torr. The distances 

between the target and substrate can easily be adjusted via the software providing the 

optimum conditions for obtaining high quality ultra thin films. The substrate can be heated up 

to 750°C during or after deposition if annealing is required.

Figure 2.6: a) TFT gun with shutter bj DC cluster with independent shutters
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Figure 2.7: a) Ion milling gun h) Substrate heater

Recently, the Shamrock system was extended to included additional chambers C and D 

(not shown here) which consist was added for wafer flipping capabilities, e-beam evaporation 

and sputtering sources in a UHV environment. This will allow for the fabrication of novel 

nanoscale multilayer junctions with homogenous interfaces which should translate into high 

quality spin dependent devices.

2.5 FEl FIB Dual Beam Strata System

To fabricate lateral spin electronic structures it is often required to mill away portions of 

a deposited material using an ion beam in order to get the desired pattern. The FEI Dual 

Beam Strata system is enabled with both ion and electron beam sources which can be used 

for milling and high resolution imaging. This system shown in figure 2.8 is also used for 

deposition, sample preparation and material analysis. The scanning electron microscope 

(SEM) uses a focused electron beam which scans across areas of the sample using deflection 

plates to reveal clear non-destructive images of the sample surface. The focused ion beam 

(FIB) works similarly except that gallium ions are accelerated to the surface of a sample at 

energies of 5-50 keV via electrostatic lenses. Although high quality images can be obtained 

from this process, it is destructive to the sample surface due to the bombardment of high 

energy gallium ions which inherently sputter atoms from the surface. This same effect is also 

exploited to perform patterned precision milling of a defined structure. Material deposition is 

often achieved either directly induced by the ion beam or electron beam chemical vapour 

deposition (CVD) which requires the introduction of reactive (precursor) gases.
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Figure 2.8: FEI FIB Dual Beam Strata System

Figure 2.9: Kliendiek micromanipulator mounted inside FEI system

Tfie adaptable design of the FEI Dual Beam Strata system allows for constant upgrade of 

the basic functionality of the system. This opened the door to the incorporation of a Kliendiek 

micromanipulator which can be mounted inside the vacuum chamber as seen in figure 2.9. 

The manipulator is remotely controlled outside the chamber allows precise manipulation of 

micron sized objects on a sample surface while viewing this surface via the SEM.

2.6 Photo-Lithography

In order to electrieally characterize a large majority of the fabricated spin electronic 

devices, micron size contacts were patterned using photolithography. The micro-fabrication 

class 100 clean room located in the SNIAM building provides this capability (figure. 2.10). 

This includes photolithography and wet bench facilities for lift-off processes. A Karl Siiss 

MJB 3 contact mask aligner is used along with a photomask is used to transfer a well defined 

pattern on a substrate covered with a light-sensitive photoresist.
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Figure 2.10: Class 100 clean room with mask aligner and wet bench

Although this technique has a limited feature size of around 1-2 (xm, it provides a micro

scale contact platform that when coupled with other techniques such as electron beam 

lithography nano-scale devices can be obtained.

A typical lithography process is as follows:

1) Photo-resist (S1813) is spun on top of a silicon wafer with 500nm thick silicon dioxide 

layer at 7000 rpm for 50 seconds.

2) After a short soft-baking section at 1 15°C for 2 minutes, the photo-resist is exposed to an 

intense UV light using the mask aligner

3) The exposed wafer is placed into a MF-319 developer solution for 30 minutes to develop 

the pattern.

4) The developed wafer is immediately rinsed in de-ionized water, blow dried and hard-baked 

for a few minutes to solidify the remaining resist.

5) After the deposition of a contact material like gold into the defined areas, the wafer is 

returned to the clean room for the final lift-off process which is to submerge the sample into a 

container of acetone in order to remove the remaining photoresist.

2.7 X-ray Analysis

After depositing a particular material whither metallic or semiconducting character, it is 

advantageous to analyze the sample in order to determine if the desired material structure has 

been achieved. X-ray analysis provides the capability to measure roughness, thickness or 

crystal structure of a film of a given material using techniques such as X-ray rellectometry or
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wide angle diffraction, respectively. X-ray scattering is a very powerful tool commonly used 

to characterize various materials and multilayered film structures. One of the major 

advantages of this tool is that it is non-destructive, basically allowing the irradiation of X- 

rays of a specific wavelength on a piece of condensed matter. An image of the Panalytical 

X’Pert Pro X-ray Diffractometer can be seen in figure 2.11.

Figure 2.11: Panalytical X’Pert Pro X-ray Diffractometer

X-ray reflectometry (XRR) technique is a highly sensitive method used to study the 

structure of a system based on its electron density (figure 2.12). The precise nature of this 

tool allows for accurate extraction of parameters from either the top surface or interface of a 

monolithic or multilayer system. A standard XRR profile can reveal the critical angle Oc for 

the total external reflection which gives the average electron density and the total thickness 

can be obtained from the interference fridges. Also, various fitting techniques employed by 

software packages such as ‘WINGIXA & X’Pert Pro Analysis Suite’ can be used to 

determine the roughness of a particular film.
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Figure 2.12: Experimental setup for x-ray analysis

Wide angle diffraction is another sensitive characterization technique, which permits the 

extraction of parameters such as lattice constants, strains and textures of a certain materials. 

The measurement of Bragg reflections of a crystal lattice entails measuring angles in the 29 

range. The essence of Bragg’s law below illustrates the angular position 6 of interference 

maxima and the corresponding lattice plane spacing d.

2 d sin^^ = n X (2.1)

Where a is the wavelength and n is an integer representing the order of rellection. The 

obtained X-ray diffraction (XRD) pattern can reveal valuable information about the crystal 

structure of the measured material. In the case of organic materials, the crystal structure can 

easily be determined using this method providing that the material is single crystalline in 

nature. Generally, thermally grown organic materials are amorphous or polycrystalline in 

nature. This presents some difficultly in determining the precise structure of a giving organic 

material using this technique.

2.8 Transmission Electron Microscopy (TEM)

TEM is a powerful microscopy technique that uses an electron microscope with 

electromagnetic lenses to focus an electron beam through ultra thin sample. The transmitted 

electrons interact with the sample producing an image, which is displayed on a screen. Due to 

the small de Broglie wavelength of electrons in comparison to photons, TEM can produce 

high resolution images of regions containing only a few atoms. The sophisticated 

electromagnetic lens and aperture system is designed to accurately guide the beam and 

eliminate stray electrons due to the high radiation energy from the source. Depending on the
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density of the sample material, unscattered electrons that collide with the lluorescent screen 

will display a shadowed image of the sample. The resulting image is captured and analyzed 

mainly by extracting critical parameters such as thickness, roughness, crystallinity, texture, 

etc. The electron beam is also used to produce diffraction patterns of very small regions of a 

sample.

2.9 Superconducting Quantum Interference Device (SQUID)

The magnetic properties of various organic and inorganic materials are characterized by 

a liquid helium cooled Quantum Design Magnetic Property Measurement System (MPMS) 

shown in figure 2.13. The system comprised of a superconducting quantum interference 

device (SQUID) magnetometer, a temperature control unit, a 5 Tesla superconducting magnet 

and an integrated computer operating system. The MPMS measures the magnetic moment of 

a specific sample as it pas,scs through a superconducting sensing coil. The pick-up coils 

senses the change in magnetic Oux and a flux transformer is used to couple the magnetic 

signal to the SQUID. The magnetometer has the capability to measure extremely small
1magnetic fields with noise levels as low as 0.4fT-Hz' “Low temperature measurements can 

be made down to 1.9 K in fields up to 5T with a magnetic moment sensitivity exceeding 10 

Ami

-11

Figure 2.13: SQUID magnetometer system
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2.10 Physical Property Measurement System (PPMS)

The Quantum Design Physical Property Measurement System (PPMS) pietured in figure 

2.14 is commonly used to investigate heat capacity, magnetometry, electro- and thermal 

transport of various devices. This laboratory equipment is designed to perform a variety of 

automated temperature-field measurements with fields up to 14 T and temperature ranging 

from 1.9 - 400 K. The system incorporates a DC resistivity measurement unit (Model P400) 

which is capable of performing 4-wire measurements on three samples in one sequence. In 

order to facilitate the measurement of various highly resistive organic materials, a special 

high-impedance probe insert was made by Dr. Plamen Stamenov of the Magnetism Group at 

Trinity College Dublin in order to sense resistance within the GD range even at low 

temperatures. Due to the size of the longitudinal magnet, a specially designed high capacity, 

nitrogen shielded, helium dewar was used to adequately cool it. The outer dewar is also filled 

with liquid nitrogen to further reduce the temperature gradient between the inner helium 

dewar and the external atmosphere. This efficient cryogenic design is optimized to only allow 

approximately 6 liters per day helium boil-off rate. State of the art electronic and software 

features facilitates sequential operations while maintaining low noise and voltage overload 

protection. The PPMS .setup is also able to be modified to allow for vibrating sample 

magnetometer measurements.

Figure 2.14: Quantum Design Physical Property Measurement System
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2.11 Millatron System

Over the years, the integration of ion beam milling into the fabrieation proeess of 

nanoscale devices is an essential tool in achieving the critical dimensions needed for spin- 

electronics. The Millatron system shown in figure 2.15 is commonly irsed to precisely etch a 

variety of thin film materials due to radiation from an intense, homogeneous plasma source. 

Most structures created by the Millatron are predefined by a shadow mask made of a thick 

photoresist/polymer layer. The Millatron system is comprised of a vacuum chamber with a 

rotating sample stage, ion beam source, end point detector, RF power supply and a high 

purity Ar gas source. The typical base pressure within this system is 2 x 10'^ mTorr, while the 

working pressure is 5 xl()‘^ mTorr when the argon flow is approximately 0.14 seem. During 

etching, the sample is automatically rotated in order to ensure structure uniformity. It is also 

common to tilt the sample at a specific angle to improve the features of the desired structure. 

The system also incorporates a highly .sensitive Hiden SIMS end point detector (EPD) to 

enable the precise control of material etching and identification. The EPD mainly consists of 

a mass spectrometer and a secondary electron multiplier detector. During the etching process, 

the spectrometer and detector identifies the specific material being etched via the MASsoft 

program which communicates with the entire system.

Figure 2.15: Millatron system
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2.12 Resistivity-Temperature Rig (RT-rig)

1 he RT-rig is a basic resistivity measurement setup that was built in-house in order to 

perform both room temperature and low temperature transport measurements in the presence 

of a small magnetic field (±150 mT). Figures 2.16a-2.16c shows the KT-rig setup along with 

selected features. The setup includes a Keithley 2400 source meter, an electromagnet, a 

Kepco 10 A bi-polar power supply, cryostat and a computer with Labview. Samples are 

normally mounted in a sample box as shown in figure 2.16b for room temperature 

measurements or mounted on an ATP closed cycle cryogenic head as shown in figure 2.16c 

for low temperature measurements. Magnetoresistance and electronic transport measurements 

can be performed at set temperatures as low as 20 K. This measurement setup is convenient 

for investigating samples that have a relatively low resistance (<500 MQ) and small 

switching fields. In the case where high magnetic fields up to 5 T are required, an alternative 

setup is available using a Janis cryostat with similar electronics.

Figure 2.16 a) Resistivity-temperature rig (RT-rig) system h) Sample box in the center of the 
magnetic field for measurement at 300 K c) Sample mounted on the crygenic head.
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2.13 Atomic Force Microscope (AFM)

An ‘Asylum Model’ atomic force microscope (AFM) in CRANN is one of the most 

useful high resolution tools for studying material surfaces and miniature objects of various 

dimensions. The Asylum AFM is capable of imaging, measuring and manipulation of 

nanoscale objects on any surfaces. This AFM also consists of a cantilever, laser beam, 

photodiode, piezoelectric scanner and a photo-detector with feedback electronics. The 

cantilever which is typically made of silicon or silicon nitride and is often coated with various 

materials. The sharp tip of the cantilever which typical has a radius of only a few nanometres, 

to a few tens of nanometres is used to scan the surface of the sample. The interaction between 

the tip and the sample surface causes deflection of the cantilever which is measured by a laser 

spot that is focused on the top of the cantilever. The AFM is normally operated in either the 

static (contact) mode or the dynamic (tapping) mode. In static mode, the force between the tip 

and the sample surface is maintained during scans. While in the dynamic mode, the cantilever 

oscillates at or around a specific resonance frequency due to an external stimulus. During 

scans, the interaction forces between the tip and the sample modifies the oscillation amplitude, 

phase and resonance frequency which reveals the surface characteristics of the sample. Figure 

2.17 shows the MFP-3D AFM head on top of a X-Y scanner and base. This system is 

connected to a digital controller and a computer enabled with the Igor Pro software.

Figure 2.17: Asylum atomic force microscopy (AFM) system (Reprinted from Asylum
Research AFM Manualf4])
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2.14 BOC Edwards Evaporator Auto 500

The BOC Edwards Auto 500 electron beam evaporation system pictured in figure 2.18 

can deposit high quality ultra thin film materials at relatively stable rates compared to 

standard thermal evaporation systems. It is capable of depositing materials with high melting 

points and high purity due to local heating elements. This system is capable of housing up to 

four electron beam sources which can be selected independently and activated without 

breaking vacuum. The source materials are typically placed into crucibles made of graphite or 

alumina and placed in multiple turret source holder. The configuration of these sources 

allows for precise control of the deposition rate even over long periods of time. The quartz 

crystal monitor which detects the deposition rate is connected to a variety of controller in the 

system and are all linked by a micro-computer. This feature provides the option of 

performing fully automated deposition process controls. Accessories such as two thermal 

evaporation and glow discharge cleaning capabilities are also functional. The typical base 

pressure of this system is approximately 7 x 10^ mbar, which is enabled by a 440 Is * STP 

451 turbo pump and a 14.2 m'^h ' RV12 pump.

Figure 2.18: BOC Edwards Evaporator Auto 500 system
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Chapter 3
Al-doped 8-hydroxyquinoline Wires and 
Alqs Thin Film
3.1 Introduction

The extensive study of spin polarized transport in organic semiconductors for future 

spin-based electronic applications has fuelled investigations into determining which organic 

material would be well suited for such purpose. Over the past several years, tris-(8- 

hydroxyquinoline) aluminium (Alq^) has emerged as a viable candidate for spin electronics 

with an early report by Xiong ct.al. in 2004 (I ]. In this report, current-perpendicular-to-plane 

magnetoresistance was observed in spin-valve structures with up to a 130 nm thick layer of 

thermally evaporated Alq^ thin film. Prior to this report, Alq3 thin films had played an 

integral role as a light-emitting electron transporting material in organic light-emitting diodes 

(OLEDs) since 1987 [2|. During that time period, tremendous progress was made depositing 

highly uniform, reproducible amorphous films which has facilitated the operation of various 

display applications.

Although significant effort has been applied to understanding the electronic properties of 

amorphous Alq^ thin films, spin dependent tran.sport in this material is still in its infancy.

Even less explored and understood are the structural, electronic and magnetic properties of 

single crystalline Alq^ wires. Intriguingly, M. Colle and W. Briitting et. al. have published 

several journal articles reporting the observation of four different phases of the crystalline 

Alqi [3,4]. Thermal, structural and photophysical analysis were performed on crystals grown 

by temperature gradient sublimation to differentiate the (a,[3,y,8) phases from each other. 

These measurements were also instrumental in identifying the possible molecular 

configurations of both the meridional and facial isomers. In 2006, a successful attempt was 

made to grow single crystalline nano-wires using absorbent assisted physical vapour transport 

(AA-PVT) [5]. OLEDs were fabricated incorporating Alq3 nanowires and film, which 

resulted in strong electroluminescence responses. Based on this result, the incorporation of 

single crystalline nanowires into spin electronic devices seemed promising.



3.2 Al-doped 8-hydroxyquinoline Single Crystalline Wires

The Al-doped 8-hydroxyquinoline micro- and nano-wires were grown by AA-PVT, 

where the source material is Alq3 powder (99.995%, Sigma-Aldrich) is mixed with 

aluminium oxide (Y-AI2O3) as the adsorbent material. The adsorbent to Alq3 ratio was 

maintained at around (30:1 ] in order to preserve good uniformity during growth on a silicon 

(100) substrate. This adsorbent to Alqi ratio was obtained from performing a series of tests 

and identifying the ratio with the highest levels of consistently uniformed wires. The furnace 

was programmed to stabilize the temperature at around 580 K with a steady cool down 

sequence at a rate of approximately 80K/hr, while keeping a constant argon flow rate. The 

resulting wires were analysed by SEM, transmission electron microscopy (TEM), fourier 

transformed infrared (ETIR) spectroscopy and photoluminescence (PL) as shown in figures 

3.1 - 3.2.

Figure 3.1: Preliminary’ Analysis of Al-doped organic wires: a) SEM image, b) TEM image
with diffraction pattern c) FTIR spectra.
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Figure 3.2: PL spectra of Al-doped organic wires grown on a Si substrate.

The SEM image in figure 3.1a shows organic wires as-grown on a silicon substrate. The 

wires appear to have a consistent texture and uniform diameter for the full length. After a 

series of growth sessions, it was realized that the diameter and length of the wires were 

strongly dependent on the growth temperature and time respectively. The TEM image (figure 

3.1b) along with the diffraction pattern shows the single crystalline nature of the Al-doped 

organic wires on a carbon grid. The chemical bonding structure is observed via PTIR shown 

in figure 3.1c. Typical aromatic stretching and amine resonance peaks were seen at 

wavenumbers similar to those expected for the Alq3 source material. Eigure 3.2 shows the PL 

spectra of the wires as-deposited on a Si substrate. The room temperature measurement with 

an excitation wavelength of 380 nm indicates a maximum intensity wavelength of 

approximately 523 nm which is identical with the known emission wavelength range of Alq^ 

crystalline or thin film material |5|. The quantum confinement structure of the Al-doped 8- 

hydroxyquinoline wire exhibits an emission spectra related to the coupling of vibrations of 

the individual ligands and the charge transfer nuorescence transition from the ground state. 

The excitation of the molecules within the wires occurs at the energy levels associated with 

that wavelength.

The crystal structure of the organic wires was investigated using three different XRD 

systems, for clarity. First, a Siemens XRD system with a CuK« source was used to compare 

the diffraction patterns of both the organic wires and Alq^ powder source. After verifying that 

there were no unexpected peaks from the Si (100) substrate, it was revealed that the crystal 

structure of the organic wires and the source powder were different as shown in figure 3.3a.

In order to investigate the structure a little further, both a Philips X-pert Pro and a Rigaku
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single crystal (MoKc) XRD systems [Dr. Thomas McCabe, Chemistry Department at Trinity 

College Dublin] were used to re-measure the organic wires. The same diffraction pattern was 

obtained as seen in figure 3.3b, also revealing that the structure was orthorhombic (space 

group - Fdd2) with a = 24.936, b = 28.551, c = 3.787, [a-fTyj = 90° for the unit cell. Ba.sed on 

this experiment, it is believed that the obtained crystalline organic material is a variation from 

the source tris (8-hydroxyquinoline) aluminium structure.

Figure 3.3: XRD patterns: a) Al-doped 8-hydroxyquinoline wires and Alqs powder 
comparison h) Al-doped 8-hydroxyquinoline wires on different systems.
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Thermo-gravimetric analysis (TGA) were later performed by Dr. Manuel Ruether of the 

Chemistry Department at Trinity College Dublin on Alq3 powder, 8-hydroxyquinoline wire 

and Al-doped 8-hydroxyquinoline wire as shown in figure 3.4. The measured weight of each 

sample was normalized to 100% and plotted together for comparison. The measurement 

technique gives some insight into the structural similarities between each material based on 

their breakdown properties. The 8-hydroxyquinoline and Al-doped wires appears to lose 

weight at the same rate starting approximately at 70°C but the Al-doped wires appears to 

stabilize after 150°C. The 8-hydroxyquinoline wires seem to completely disintegrate before 

200°C. The Al-doped wires maintained approximately 9% of its total weight until 330°C 

where it begins to lose its entire weight. While the TGA plot of the Alq3 source powder 

doesn’t begin to lose weight until 3()0°C and then breaks down at a similar rate as the wires. 

This analysis clarifies that the A1 atoms present in the wires are in small quantities and are 

not necessary found in the form of the Alq3 molecule. This also implies that there is a 

secondary phase present in the Al-doped wires.
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Figure 3.4: TGA plots of Alq t powder, 8-hydroxyquinoline wires and Al-doped 8-
hydroxyquinoline wires.

In order to get some further insight into the rate of decomposition of the Al-doped wires 

and Alq3 powder, first derivative analysis of the TGA plots was performed as shown in 

figures 3.5 and 3.6. The first derivative plot of the Al-doped wires shows two distinct 

decomposition phases where the median temperatures were 140°C and 360°C. The first phase
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appears to occur at a fast rate with the greatest loss in weight, while the second phase occur at 

a much slower rate with approximately 6% loss in weight. The first derivative plot of the 

Alq3 powder shown in figure 3.6 exhibit a single decomposition phase at a median 

temperature of 416°C with approximately 90% loss in weight. The second phase of 

decomposition of the Al-doped wires and the decomposition of the Alq3 powder occurred at 

similar temperatures. This implies that regions of the Al-doped wires shares similar 

molecular compositions that is typically found in the Alq3 molecule.

Figure 3.5: TGA and first derivative TGA plots of the Al-doped 8-hydroxyquinoline wires.
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Figure 3.6: TGA and first derivative TGA plots of the Alqj powder.

Solution based nuclear molecular resonance (NMR) experiments were also performed on 

the Alq3 powder, 8-hydroxyquinoline and Al-doped wires by Dr. Manuel Ruether and Dr. 

John O’Brien of the Chemistry Department at Trinity College Dublin. Figure 3.7 shows the 

comparative NMR plot of the three materials. The plots obtained from these measurements 

provide spectroscopic insight into the isomeric states within the material as well as the 

intermolecular interactions. Comparing the NMR signatures of the 8-hydroxyquinioline wires 

and the Al-doped wires, it is apparent that the Al-doped wires are mainly composed of 8- 

hydroxyquinoline ligand. Closer inspection of the NMR signature related to Alq3 powder 

directly identifies with peaks at 6.80 ppm, 6.86 ppm, 8.50 ppm, and 8.93 ppm which are also 

present in the Al-doped wire. Although the intensities of these peaks are relatively low in 

comparison, it is evident that these peaks correspond to the intermolecular interactions of the 

ligand with the A1 atoms. Due to the low aluminium content in the second phase of the Al- 

doped wires, the intensities associated with the peaks are faint unlike the peaks in the Alq^ 

powder.
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Figure 3.7: NMR plots of Alq3 powder, Al-doped and H-hydroxyqidnoline wires.

Based on ihe results obtained from XRD, TGA, and NMR, an estimate of the precise 

percentage of elements in these materials is still illusive. In order to provide some clarity, 

composition analysis were performed by Mr. Adam Coburn of UCD School of Chemistry & 

Chemical Biology. Table 1.1 shows a comparative analysis of the Alq3 powder and the Al- 

doped wires. Although the table excludes the percentages of oxygen in the material due to the 

abundance of oxygen in the air, it gives some insight into the ratio of the A1 dopant relative to 

the 8-hydroxyquinoline host in the wires. As expected, the composition the 8- 

hydroxyquinoline molecule in both samples are relatively similar as observed in the NMR 

results, but there is obviously a higher aluminium content in the doped wires. The 1.07% 

aluminium content is a big contrast to the 5.66% obtained from the Alq^ powder.

%C %H %N %A1

Al-doped wires 72.89 4.74 9.37 1.07

Alq3 Powder 70.14 3.90 9.02 5.66

Table 3.1: Composition of Al-doped wires and Alqj powder.
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To get a visual image of the concentration of aluminium dopants that is present in the Al- 

doped 8-hydroxyquinoline wires, energy dispersive X-ray microanaiysis (EDX) were 

conducted by Dr. Colm Faulkner, an experimental officer at CRANN, Dublin using the FBI 

Dual beam Strata system. The samples were prepared by drop casting Al-doped wires stored 

in deionized-water solution onto the surface of the Au patterned Si02 substrate. Prior to 

imaging, the sample was air dried in order to remove any water vapours on top of the sample 

surface. An initial SEM image was taken of the micro-scale Al-doped wire on top of the Au 

surface as shown in figure 3.8.

Al-doped Wire
Map data 39
MAG: 12000 X HV: 30.0 kV WO: 4.8 mm

Figure 3.8: SEM image of micro-scale Al-doped wire on patterned Au pads.

Figure 3.9 displays the EDX mapping images of the six relevant elements (Au, Al, C, N, 

(), and Si) present in these captured images. As a benchmark, an initial scan for Au on the 

surface revealed the large image of the pad. While the scan for aluminium displayed a 

dispersion of Al atoms on the surface due to the use of the drop casting method from solution. 

A significant concentration of Al atoms can be seen in regions of the wire. As expected, the 

scan for carbon (C) and oxygen (O) show an intense congregation on the regions of the wire. 

The scan for nitrogen (N) was slightly faint due to the common use of nitrogen gas to vent the 

chamber. The silicon (Si) .scan clearly shows the Si02 substrate leaving an outline of the 

crystalline wire.
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Figure 3.9: EDX elemental mapping images of Al-doped 8-hydroxyquinoline wire.

A merger of all the images scanned in figure 3.9, revealed a detailed image (figure 3.10) 

of all the elements pre.sent in the wire and essentially revealing the precise distribution of the 

Al dopants along the length of the organic wire.

Figure 3.10: Conglomerated EDX elemental mapping image of Al-doped 8-hydroxyquinoline
wire on pattern Au pad.

In summary, the single crystalline wire appears to have the structure of the 8- 

hydroxyquinoline molecule with uniformly doped aluminium at about 20% of the level in the 

Alq3 material. The AA-PVT growth process has apparently facilitated the uniform doping of 

aluminium atoms throughout the entirely length of the crystal. Precise control of the growth
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Icmpcralure, gas transport rate and Alq^ to absorbent ratio has contributed to the effective 

tuning of the structural properties displayed in this chapter.

3.3 Magnetic Properties of Al-doped 8-hydroxyquinoline Wires

In order to obtain a solid mass for magnetization (M) measurements, a portion of the 

organic wires and Alqs powder were pressed separately to make cylindrical pellets. Prior to 

placing the pellet into a diamagnetic straw for measurement, it was “shaved” with a copper 

knife in order to remove any contamination from the stainless test pressing die. This was 

done as a necessary precaution considering that although the original wires have been 

crushed by the mechanical press, the magnetic properties would not be significantly altered. 

In order to confirm this, unpressed wires were measured under the same conditions and a 

similar behaviour was observed. A Quantum Design MPMS superconducting quantum 

interference device (SQUID) magnetometer was u.sed to perform these measurements. It has 

a 5 Tesla magnet and is able to measure magnetization down to 1.8 K with liquid helium.

Initially, measurements were performed on the Alq3 powder (figure 3.11) which showed 

a paramagnetic moment at very low temperatures. Magnetization curves were obtained 

scaling with temperature. A sharp increase in magnetization was clearly observed initializing 

at approximately 23 K of the M vs. T curves. The Al-doped organic wires were then 

measured under the same conditions and a slightly larger paramagnetic moment was seen at 

low temperatures (figure. 3.12). The general magnetic behaviour was similar expect for an 

unusual hump in the M vs. T curves just below 50 K. Although the overall paramagnetic 

signal is believed to be from the paramagnetic defect centres present in the crystal. The hump 

in figure 5.12b might be attributed to an excess of oxygen condensation on the sample in the 

SQUID. Based on the magnetization curve at 1.83 K, the saturation magnetization of the 

paramagnetic impurities is 8x10 ' Am kg .
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Figure 3.11: Magnetization curves of Alq^ powder: a) M V5. H curves b) M V5. T curves.
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Figure 3.12: Magnetization curves for Al-doped wires: a) M vs. FI curves h) M vs. T curves

The magnitude of the hump varies from sample to sample. An alternative explanation for 

the hump is the existence of a secondary anti-ferromagnetic component present in the 

material. Although it is not clearly understood what this might be but it would have to be 

inherited from the unique fabrication process of this organic material. The observation of this 

unusual magnetic behaviour may be related to large changes in the exchange coupling 

constants due to thermal expansion corresponding to a strong correlation between the lattice 

and magnetic properties of the material. Further experiments will be needed in order to 

adequately explain these results. On the other hand, the explanation of oxygen condensation 

in the sample space does seem plausible. This effect has been observed for other samples as 

well as previously reported by Yu et. al.[6] where that the magnetic susceptibility of 

eondensed oxygen of various phases exhibit a eomplex temperature dependent behaviour 

where at specific temperatures significant increases in magnetic susceptibility is observed
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corresponding with defined phase transitions of oxygen. Notable changes in the magnetic 

susceptibility of solid oxygen were observed at 24 K and 43.8 K [6] and is likely associated 

with antiferromagnetic order.

To further investigate the existence of these paramagnetic defect centres in the organic 

wires, X-band electron paramagnetic resonance (EPR) also known as electron spin resonance 

(ESR) was performed by Dr. Balint Nafradi and Dr. Easzlo Eorro within the IPMC/IPN 

laboratories in Lausanne. EPR signals were gathered by varying the magnetic field and 

temperature, while keeping the frequency at 9.45 GHz. The broad peaks seen in figure 3.13 

are clear indications of electron-electron interaction in the conduction band. The 

paramagnetic defects present in the crystal are responsible for the abrupt spikes seen at 

approximately 0.338 T at different temperatures.

Figure 3.13: EPR signal of Al-doped wires at different temperatures.

3.4 Fabrication and Characterization of Organic Nano-wire Structures

Initially, electrodes with nanometre gaps ranging from 120 nm to 800 nm were created 

using a two step process of photolithography and EIB. The shamrock sputtering system was 

used to deposit both gold (Au) and nickel-iron (NiPe) with a thin adhesive layer of Titanium 

(Ti) and Tantalum (Ta) respectively for the electrodes as seen in figure 3.14a. The Kleindeck 

micromanipulator was used to accurately place the organic wire across the nanometre gap. 

Electron-beam assisted patterned platinum (Pt) deposition located in the FEl system was u,sed 

to secure the wires in this position ensuring that a direct point contact was made between the 

organic wire and the electrodes as shown in figure 3.14b. Electrical characterization was
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performed on a Quantum Design Physical Properties Measurement System (PPMS) with a 

Keithley four-wire set-up. MR curves were taken at selected temperatures down to 4 K.

Au//NiFe '
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Figure 3.14: SEM images: a) Top view of patterned electrodes hj Al-doped wire secured
across a 120 nm gap.

The current-voltage curves shown in figure 3.15 and 3,17a were first taken at different 

temperatures for the NiFe/organic wire/NiFe and Au/organic wire/Au structures respectively. 

At room temperature the 1-V curves shown in figure 3.16a exhibits a linear characteristic with 

a resistance of order 100 kf2, but as the temperature decreases the linear response diminishes 

as well. This may suggest that the injection of carriers into the organic material is partly 

inlluenced by the existence of a significant potential barrier between the organic material and 

contacts as described in Xiong’s paper 11 ]. Figure 3.15 also shows the extracted dl/dV versus 

bias voltage, which has an inherently parabolic shape. However at low temperatures there is 

an anomaly present at zero bias. According to Santos et al. [7], this suggests that there arc 

impurities in the semiconductor which may have diffused directly from the contact interface. 

At low temperatures, the dip in conductance at zero bias is due to existing localized states 

which facilitate the creation of a momentum reservoir of tunnelling electrons that contributes 

to the tunnelling current [8]. These impurities tend to be coupled to the conduction electrons 

by an exchange interaction. The resistivity (p) versus temperature curve in figure 3.16a 

demonstrates a strong temperature dependence followed by saturation below 15 K for 

different magnetic fields, which seems to be related to the metal-insulator transition discussed 

by Mott in 1978 [9]. Although the metal-insulator transition is often observed in systems 

where at high temperatures a metallic state is exhibited and an insulating state at low 

temperatures, it is entirely possible that the transition is also influenced by an additional
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mechanism which is unclear at this time. In any case, this transition has never been reported 

in organic materials but has been demonstrated in heavily doped inorganic semiconductors 

such as phosphorous-doped silicon at a critical carrier concentration Nc [10]. A significant 

increase in resistivity from 50 K to 14 K was also observed. At temperatures between 28 K 

and 14 K, conduction primarily involves donors with narrow band energies around the Fermi 

level. There is variable range hopping where band shrinking and longer hopping ranges are 

prevalent. In this case, the initial and final energy states are in close proximity to the Fermi 

level. In the presence of a magnetic field at low temperatures, the spins associated with the 

singly occupied (SO) states align parallel to the field. As the localization length increases, the 

hopping rate increases with field as well leading to the negative magnetoresistance. Spins 

associated with the inter-site interaction tend to promote variable range hopping at low 

temperatures under an applied field [11]. Conduction in temperature ranges between 50 K 

and 28 K are governed by nearest neighbour hopping, where activation at the mobility edge is 

in the higher temperature ranges. The mobility edge refers to the critical point at which the 

transition, occurs from localized to extended character of the eigenfunctions present in the 

random lattice. Contributions from the electron occupation probability due to an applied 

magnetic field give rise to a negative magnetoresistance based on the nearest neighbour 

hopping coinciding with its strong energy dependence.

The observation of the presumed metal-insulator transition at low temperatures illustrates 

that transport is in a strongly localized regime, where intrastate Coulomb interaction takes 

place. In this regime, the conduction mechanism is influenced by electron hopping in the 

presence of three electronic states for each Anderson localized state [ 1 1 ]. In our case, 

Anderson localized slates are due to paramagnetic defects in the single crystalline nano-wire. 

Unoccupied (UO) states and single occupied states at the Fermi level which carry free spins 

and the doubly occupied states (DO) contribute to the hopping as spin-singlets. At low 

temperature where the proposed insulating region is present, the density of states at the Fermi 

level becomes finite and allows only SO to UO hopping. The negative MR observed in 

figures 3.16b and 3.17b can be described as a mechanism which correlates with the length of 

the DO sites becoming less than that of SO sites. The applied magnetic field will inherently 

reduce spin-flips and result in the occupation of DO sites. The suppression of bipolaron 

formation will occur and negative magnetoresistance is facilitated [12].

Shown in figure 3.16b is the MR versus magnetic field for a variety of temperatures, 

which reveals a large MR of approximately 400% at 4.2 K which reduces with increasing
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temperature. The current bias used in these measurements was 50 nA. This small current was 

chosen in order to ensure that the 3 pm long organic wire was not destroyed due to excess 

heat generated from a large current passing through its approximately 200 nm diameter. In 

the presence of an applied magnetic field, the total resistance increases due to the alignment 

of magnetic moment related to transporting electrons. Sweeping the magnetic field form 

negative to positive reveals a negative MR and is reversible when the field is swept from 

positive to negative, illustrating that the MR is independent of field direction. The samples 

were also measured with the field in and out of plane perpendicular to the current flow and no 

difference in the magnitude or shape of the MR was observed. I-V curves for the Au/organic 

wire/Au structures shows a very similar non-linear respon.se at low temperatures and MR 

curves remain positive as seen in figure 3.17. The only difference is that the percentage of 

MR is significantly lower approximately 45%. These results along with the EPR and 

magnetization measurements shown in figures 3.12 and 3.13 suggest that the paramagnetic 

defects located in single crystal organic semiconductor acts like a spin filter, where the MR 

observed from the device with the ferromagnetic electrode is enhanced due to the asymmetry 

between the spin-up and spin-down electrons compared to the device with the non

ferromagnetic electrodes. The asymmetric MR observed in figures 3.16b and 3.17b is 

possibly related to the breaking of the time-reversal symmetry in the ground state of the 

disordered semiconductor as well as asymmetric point contacts between both end of the Al- 

doped organic wire and the ferromagnetic electrode. Additional measurements arc needed in 

order to conclusively identify the dominate mechanisms responsible for such results.

Voltage (V)

Figure 3.15: I-V and dl/dV curves ofFl'iYdAl-doped Wire (120 nm)/NiFe device.
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Figure 3.16: Transport measurements for NiFe/Al-doped Wire (120 nm)/NiFe device: a)
Resistivity w. T curves b) MR curves.
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Figure 3.17: Transport measurements for Au/Al-doped Wire (120nm)/Au device: a) I-V
curves h) MR curves.

Magneto-transport was also observed for lateral NiFe/Al-doped wire/NiFe structures 

with 400 nm separation between the two NiFe electrodes. Figure 3.18a shows the 

magnetoresistance vs. the magnetic field at different temperatures. The magnitude of the 

magnetoresistance range from approximately 1.2% at 30 K to 18.7% at 7 K. The resistivity vs. 

temperature curves were also measured at various magnetic fields as shown in figure 3.18b.

As expected, the largest separation between the curves occurred below 1.3 K and increased as 

the temperature was reduced. This low temperature region corresponds to large 

magnetoresistance effects which are possibly again due the paramagnetic dopants in the 

semiconducting wire.
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Figure 3.18: Transport measurements of NiFe/Al-doped Wire (400 nm)/NiFe: a)MR curves at 
various temperatures b)Resistivity v>5. temperature curves.

To explore the limits of magneto-transport in these lateral deviees, the gap between the 

NiFe electrodes was extended to 700 nm. The measured magnetoresislance curves arc shown 

in figure 3.19a while the resistivity vs. temperature curve is displayed in figure 3.19b. I'he 

overall transport behaviour resembles that of previously reported samples with Al-dopcd 8- 

hydroxyquinoline wires. Up to 30% of magnetoresistance was observed at 10 K which was 

unexpected since the gap between the electrodes was relatively large.
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Figure 3.19: Transport measurements of NiFe/Al-doped Wire (700nm)/NiFe: a)MR curves at 
various temperatures b)Resistivity vs. temperature curves.

Although the transport properties of the observed Al-doped 8-hydroxyquinoline wires 

share similar features, the mechanism responsible for some of these effects needs additional 

investigations. One of which is the lack of magnetic saturation of both the magnetization and 

the magnetorcsistance at high magnetic fields. It should be mentioned that reproducing these 

results have been unsuccessful. This might be an indication that the window for obtaining the 

perfect conditions is very narrow.
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3.5 Alqs Thin Film

Significant attention has been given to the investigation of various organic materials such 

as Alq3 as well of their integration into mainstream devices to enable the next generation of 

display technologies. In recent times, Alq3 thin film has been frequently incorporated into 

organic light emitting diodes as an electron transport and light-emitting layer. In order for 

these vertical devices to work efficiently, the quality and consistency of the Alq3 thin films 

should be paramount. It has been reported that Alq3 based OLEDs degrade in performance 

over time due to the intrinsic chemical breakdown within the active layer [13]. Thermal 

evaporation is the most trusted technique for reproducibly producing amorphous Alq3 thin 

films with the desired chemical structure which is known to have two possible geometrical 

isomers. The meridional isomer is described as having three different 8-hydroxyquinoline 

ligands relative to the aluminium atom, while in the case of the facial isomer all the ligands 

are the same. Reports have shown that the most prevailing isomer in an evaporated film is the 

meridional isomer which is also the more stable of the two isomers 114).

The Alq3 thin films were deposited by thermal evaporation onto a silicon substrate in a 

high vacuum chamber with a base pressure of .3.4x 10^ mbar and a substrate temperature of 

300 K. The source material was obtained from Sigma Aldrich and placed in a high purity 

alumina (99.99%) crucible wrapped in a basket-shaped tungsten wire. The material was 

heated up to 253°C and maintained throughout deposition. A quartz crystal monitor was used 

to monitor the deposition rate which was maintained at approximately 0. Inm/s during growth. 

After deposition, the film was immediately characterized by AFM using tapping mode to 

avoid any damage or indentation in the soft surface. The thickness of the amorphous film (not 

shown here) was revealed to be 40 nm with a root mean square (rms) roughness of 0.470 nm 

over a 5x5 pm^ area seen in figure 3.20. The AFM image shows the morphology of a smooth 

Alq3 film with no significant blemishes or holes over a relatively large area.
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Figure 3.20: AFM image ofAlq ^ thin film grown on Si02 substrate.

Fourier Transform Infrared (FTIR) and Raman spectroscopy was later performed on the 

Alq3 thin films in order to obtain some information about the organic molecule after 

deposition. Exploiting the fact those molecular structures absorbs radiation at various 

frequencies depending on vibrations associates with the covalent bonds within the molecule. 

The deposited film was gently removed from the silicon surface and placed on a NaCl disk 

for measurement. Considering the two possible isomers associated with the Alq^ molecule, 

vibrational analysis has the capability of probing specific chemical bonds. In has been 

reported by Cdlle and Briitting |4| that below 600 cm ', the Al-O and Al-N vibration modes 

can be probed to determine which isomer is present. Due to limitations of the instrument, the 

FTIR spectra shown in figure 3.21 could only be 650 to 1800 cm ' where molecular 

vibrations attributed to the weak coupling of the three ligands centered on the core aluminium 

atom. Aromatic stretching of the C=C bonds can be associated with the peaks observed 

between 1450 and 1600 cm ' while the stretching of the C=N bonds can be seen between 

1500 and 1900 cm '. Aromatic amine resonance peaks related to the C-N-C bonds can be 

seen between 1250 and 1370 cm '. Stretching of C-C, C-O and C-N bonds are normally 

observed as peaks between 800 and 1300 cm '. The overall signature obtained from the FTIR 

spectra corresponds well with previously reported Alq3 spectrum (4, 15].
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Figure 3.21: FTIR spectra of as grown Alq^ thin film

Raman spectroscopy was also performed on the Alq^ film grown directly on silicon 

substrate. The sample was then illuminated by a focused laser beam. The light emitted from 

the laser interacts with the electron cloud and covalent bonds within the molecule which 

results in photon excitation in the energy states. The excitation event causes vibrations or 

rotations at certain bonds which is reflected as intensity peaks at various wavelengths. Figure 

3.22 shows Raman spectra of an Alq^ film grown on silicon as well as the spectra associated 

with bare silicon substrate. Even though the entire scan was performed between 150 and 2000 

cm *, the vibration peaks related to the Al-N and Al-O bonds at low wavelengths were still 

undetectable due to the limited resolution of the instrument and the substrate peaks. The 

prominent peaks observed between 1300 and 1600 cm ' are related to the stretching of rings 

and the bending of C-H bonds in the ligand. Peaks associated with the stretching of C-O, C-N 

and C-C bonds between 800 and 1300 cm ’. This coincides with the signature that was 

observed from the FTIR measurements.
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Figure 3.22: Raman spectra of the Alqj thin film grown on a Si substrate.

UV-vis spectroscopy was performed on the Alqs thin film grown on a glass slide as 

depicted in figure 3.23. The UV-vis spectrum shows optical absorption bands at 393 nm 

which corresponds to tt - 7i* transition of the metallic complexes. The intramolecular 

electronic transition between the HOMO and LUMO energy levels was estimated to be 

3.l46eV from the long-wavelength optical absorption edge. The small absorption peak at a 

lower wavelength is possibly due to forbidden Frenkel states with an electronic transition or 

the transition of phenyl groups in the molecule.

Wavelength (nm)

Figure 3.23: UV-vis absorption spectra of Alq^ thin film on glass slide
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The X-ray rellectometry (XRR) analysis of the as grown film in figure 3.24a confirms 

the consistency of the film down to the silicon substrate as observed from the period 

oscillations throughout the angular range above the critical angle. In order to get some 

additional insight into thermal properties of this film, it was annealed at 170°C under 

atmospheric pressure for 15 minutes. The XRR analysis was repeated as shown in figure 

3.25a and exposed the existence of two sets period oscillations in intensity. This implies that 

there are two films with different densities stacked on each other. One explanation is that due 

to the increase in temperature, the top surface of the film started to decompose which in turn 

altered the density of the film. The high oscillation amplitude of the as-grown film implies 

that surface and interface to the substrate is of good quality in comparison to the annealed 

film. The broad peaks .seen in figure 3.25a signify that the film is slightly porous possible due 

to some induced sublimation or conglomeration in the bulk material. This is reflected by a 

decrease in density of the annealed material which is somewhat unstable.

The photoluminescence (PL) intensities of the Alq? films on a Si substrate were 

measured with the help of Mr. Muamer Kadic in the Semiconductor Photonics Research 

Group at Trinity College Dublin using the same optical alignment for both thin films as seen 

in figures 3.24b and 3.25b. This technique relies on the absorption of photons generated from 

an applied beam source which causes the transition from a low energy state to a higher state. 

Immediately after the process, light emission at a specific wavelength is observed depending 

on the molecule. A series of room temperature measurements were performed at a series of 

excitation wavelengths around 365 nm. Both films exhibited the most intense PL peak at 

approximately 540 nm. As expected the PL spectra vary extensively with the excitation 

wavelength due to the coupling of vibrations of the ligands to the fluorescence transition and 

the presence of isomers. The only difference between the two films is that the annealed film 

seems to have slightly higher intensity compared to the as grown film. The fact that both 

films share the same luminescence peak reveals that the molecular structure of both films are 

relatively similar even though one has been annealed at 170°C. The significant increase in 

intensity could suggest that the post annealing of Alq3 based OLEDs improve performance, if 

calibrated correctly.
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Figure 3.24: As-deposited Alq^^ thin film on Si02 substrate a) XRR and b) PL.

a) b)
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Figure 3.25: Annealed Alqt thin film on Si02 substrate a) XRR and b) PI..

The results shown above are based on Alq3 thin films grown on oxidized Si substrates. In 

order to get some idea of whether or not the PL measurements would have been altered to 

some degree if grown on different surfaces such as magnesium oxide (MgO) and strontium 

titanium oxide (STO), a new batch of samples were grown at the same time under identical 

conditions and subjected to PL measurements. In this case, all the samples were excited at 

single excitation wavelength of 365 nm. The PL spectra obtained from all three substrates 

with approximately 40 nm of Alq^ grown on the top surface is shown in figure 3.25. Initial 

analysis of the spectra reveals that the MgO based sample has the most intense signal 

followed by the STO based sample. The maximum intensity seems to occur at 523 nm 

wavelength. After closer inspection of the spectra obtained from the Si02 based sample, the 

maximum intensity was slightly higher than the other samples. This difference in intensity 

between samples could be due to either the some interaction between the two samples at the
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interface or the stacking of molecules grown on different surfaces. The hump observed 

between 400 and 450nm in the MgO based sample is purely due to some emission from the 

substrate.

Figure 3.26: PL of Alqj thin film grown on Si02, S'LO and MgO .<:uhstrates.

3.6 Magnetization of CoFe/Alq^ and Co/Alq^ Bilayers

The emergence of hybrid metal-organic spin-electronic devices has launched extensive 

investigations into the magnetic and morphological properties associates with these structures. 

The adequate funetionality of devices of organic spin valves and light emitting diodes 

depends heavily on the ability to obtain pristine interfaces along the defined junction area. 

Although the deposition of ferromagnetic metals and alloys on various substrates are well 

understood, their deposition on to amorphous organic surfaces is still under investigation.

Prior studies have revealed the existence of magnetic dead layers in ferromagnetic films 

grown on a variety of inorganic substrates that were a few monolayers thick 116, 17, I8|. In 

2007, a preliminary study involving magneto-optical Kerr effect (MOKE) and AFM was 

performed on cobalt films grown on thick Alq3 films 119]. This study provided some insight 

on the morphology of the top surface and coercivity of the magnetic film, but lacked the 

detailed analysis of any existing dead layer, precise magnetic moment or morphology at the 

metal-organic interface. Due to the fact that most organic materials have a soft texture in 

comparison to a thin metallic film, the interface is normally rough especially if the metallic
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I'ilin is grown on top of the organic layer. Depending on the technique used to the deposit the 

metallie film, the initially energetic metallic ions may penetrate the organic layer. This can 

result in the ereation of diffuse magnetic film surface which can inlluence the magnetie 

anisotropy, coercivity and magnetoresistance. Another interesting concept that has often been 

debated is the ability to fabricate a functional spin-valve device where vacuum has been 

broken during the process in order to transport sample from one chamber to another. The 

process of breaking vacuum during fabrication is commonly done due to the limited 

availability of the appropriate targets as well deposition technique in a single chamber.

Both the Co and CogoFejo thin films of various thicknesses ranging from 1 to 9 nm were 

grown by DC magnetron sputtering in argon atmosphere using the Shamrock sputtering 

system on to a 40 nm thick thermally evaporated Alq3 film on a Si (001) substrate with and 

without 500 nm of Si02. Reference samples without an organic layer were also fabricated by 

the same process. During the deposition of the magnetic films, each substrate was rotated 

above the polycrystalline target in an Ar"^ pressure below 3x10'^ mbar. The deposition rate of 

the magnetic films was maintained at approximately 0.01 nm/s, while the Alq3 films were 

maintained at 0.1 nm/s. All samples were uneapped in order to observe the effeets of
2oxidation on magnetic moment even for thin layers. The samples were later cut into 5x5mm 

.squares for magnetization measurements. These measurements were performed using a 5 

Tesla Quantum Design superconducting quantum interference device magnetometer with the 

field applied in-plane. The background signal of the diamagnetic silicon substrate was 

subtracted from the measured magnetic signals. Due to the large mass of the silicon substrate 

relative to the magnetic film, the diamagnetic correction was extracted from the slope ranging 

from 1 to 2 T.

Initial observation of figures 3.27a and 3.27b shows that a measurable magnetic moment 

is present even down to 2 nm of CoFe thin film sputtered on a 500 nm thick Si02 surface.

The moment on the 1 nm film appears to be undetectable. The fit for the moments extracted 

from the saturation region reveals a magnetic dead layer of approximately 1.52(2) nm. In 

comparison, the magnetic films of the same thicknesses grown on substrates coated with 

40nm of Alq3 film shows similar magnetization behaviour as shown in figure 3.28a. The 

magnetic moment is slightly lower than when grown direetly on the Si()2 surface. In the ca.se 

where the magnetie film is grown on the organic surface, the magnetic moments of the 1 and 

2 nm CoFe thin films are undetectable. After the fitting the saturation magnetization with
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respect to the film thickness as shown in figure 3.28b disclose a dead layer of around 2.05 

(l)nm.

CoFe Thickness(nm)

Figure 3.27: a) Magnetization curves of CoFe films grown on Si/SiOz substrates after 
diamagnetic correction h) Magnetic moment vs. CoFe thickness with linear fit illustrating the

thickness of the dead layer.

CoFe Thickness(nm)

Figure 3.28: a) Magnetization curves of CoFe films grown on Si/SiO2/Alqf40nm) substrates 
after diamagnetic correction b) Magnetic moment vs. CoFe thickness with linear fit 

illustrating the thickness of the dead layer.

In order to further investigate the slightly superparamagnetic nature of the 2 nm thick 

CoFe film grown on Si02 subtrate as shown in figure 3.27, low temperature measurements 

down to 4 K was performed. Figure 3.29 shows the uncorrected magnetization curves ranging 

from 300K to 4K, where the coercivity increases significantly with the lowering of 

temperature. This might suggest that the film is partially granular in nature due to the rough 

Si02 surface which causes the isolation of grains of different sizes. The slight broadening and 

shifting of the hysteresis loop to left with temperature indicating that there could possibly be
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some anti-ferromagnetic interaction occurring at lower temperatures due to the formation of a 

thin CoO layer on the top surface.

Magnetic Field (T)

Figure 3.29: a) Magnetization curves oflnm CoFe film grown on Si/Si02 substrate at 
various temperatures before diamagnetic correction.

A similar experiment was performed on Co films of thicknesses ranging from 1 to 9 nm 

were grown on Si substrates with a native oxide. In this ease, a magnetic moment was 

observed down to 3 nm as shown in figure 3.30a. The extrapolation of the measured moments 

illustrated in figure 3.30b revealed that this system has a dead layer of approximately 

2.54(3)nm. A selection of these Si/Co samples of various thicknesses were immediately 

coated with 40nm of Alq3 film and prepared for magnetization measurements. The resulting 

magnetic behaviour as shown in figure 3.31a, exhibits a similar response but the magnitude 

of the magnetic moment was lower for all samples compared to samples without the organic 

layer. This indicates that there could be some interaction between the top surface of the 

magnetic film and the organic layer resulting in the formation of an additional dead layer on 

top. The total dead layer extracted from extrapolating the measured moments was 2.72(1) nm 

as illustrated in figure 3.31b.
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Figure 3.30: a) Magnetization curves of Co films grown on Si substrates after diamagnetic 
correction h) Magnetic moment V5. Co thickness with linear fit illustrating the thickness of

the dead layer.

Figure 3.3 F' a) Magnetization curves of Co films grown on Si substrates coated with 40nm 
thick Alq^ film [Si/Co/Alq f40nm)J after diamagnetic correction b) Magnetic moment vs. Co 

thickness with linear fit illustrating the thickness of the dead layer.

In ihe situation where the Co films were grown on lop of the Si/Alq3 surface, the 

magnetic moment was also lower than the Si/Co samples with various thicknesses. The 

moment associated with the 3 nm Co film appears to be barely detectable since it is too close 

to the noise floor as seen in figure 3.32a. The estimated dead layer shown in figure 3.32b was 

extracted from the measured magnetic moments and was revealed to be approximately 

2.83(2)nm. This result suggests that some of the sputtered Co is infiltrating the lop surface of 

the organic layer similar to what was ob.served in the CoFe/Alq3 experiment di.scussed above. 

In order to verify the penetration of Co metal into the organic layer, TEM was performed on
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Si/Alq3/Co sample with 9 nm thick Co layer. To protect the stack during TEM preparation, a 

thin layer of aluminium was thermally evaporated on top the Co layer then followed by e- 

beam deposited platinum (Pt) layer. The TEM analysis was performed by Dr. Markus Boe.se 

and Dr. Colm Eaulkner. Eigures 3.33a and 3.33b shows the TEM images of the stack which 

reveals an interdiffused layer at the Co/Alq^ interface. This interdiffused layer is most likely 

magnetically dead and is responsible to the lack of moment at thin Co thicknesses.

Co Thickness (nm)

Figure 3.32: a) Magnetization curves of Co films grown on Si/Alq^ (40nm) substrates 
ISi/Alq f40nm)/Col after diamagnetic correction h) Magnetic moment V5. Co thickness with 

linear fit illustrating the thickness of the dead layer.

Figure 3.33: TFM images of 9 nm Co film grown on Si substrate coated with 40 nm thick 
Alqj film, a) View of entire stack, b) Closer view of Co/Alqj interface.
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Based on the results shown above for the mctal/organic bilayers, it can be concluded that 

the magnetic moment associated with ultra-thin ferromagnetic films grown in conjunction 

with organic films such as Alq^ will most likely be reduced due to the existence of a dead 

layer at the interface. However, when the cobalt layer is uppermost it is exposed to air and a 

2-3 nm layer of CoO native oxide is formed which is antiferromagnetic and “magnetically 

dead”. In order to distinguish cobalt oxidation from interdiffusion at the Co/organic interface, 

a eapping layer would have to be used in the future. Significant consideration should be given 

to minimize interdiffusion at the interface since the efficient injection and detection of spin 

polarized eleetrons dependence on the presence of sharp interfaces.
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Chapter 4
Bis-(8-hydroxyquinoUne) Metal(II) 
Materials
4.1 Introduction

Recent growth in the field of spin electronics has generated novel ferromagnetic 

semiconductors including a few with curie temperatures above 300 K. This raises hopes for 

novel devices such as spin field effect transistors and efficient spin light emitting diodes [1,2]. 

Another driving force behind innovation within this area of research is the prospect of high 

density storage materials which rely on tuneable molecular magnetism. Molecular chemists 

have embarked on novel approaches to solve some of the major issues limiting the realization 

of multifunctional materials at the molecular level [3]. Keeping this in mind, obtaining 

organic molecules with strong magnetic properties is a good starting point if at the same time 

they exhibit reproducible electronic transport characteristics.

One approach for obtaining various molecular magnetic semiconductors is to explore 

existing organic molecules with the capacity to host different magnetic ions via chemical 

synthesis. Based on the molecular stacking of the molecules, the inter-molecular interactions 

between the magnetic atoms can result in exchange coupling and even magnetic ordering at 

low temperatures. Using targeted synthetic processes, molecular precursors with metallic ions 

and ligands are chemically bonded based on metal-ligand interactions. These interactions 

evident influence the electronic charge and magnetic properties especially the 

magnetocrystalline anisotropy. An advantage of using this approach for creating novel 

organic semiconductor is that the synthesis process is less stringent than the high temperature 

processes required for obtaining many inorganic semiconductors.
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4.2 Characterization of Bis-(8-hydroxyquinoline) Metal(II) Materials

Based on the large volume of research done on 8-hydroxyquinoline based molecules 

such as lris-(8-hydroxyquinoline) aluminium (Alq3) and bis-(8-hydroxyquinoline) zinc (Znq2) 

it has become apparent that molecules of this nature has good structural and stacking 

properties [4,5,6,7,8,9,10], These properties translates into useful electronic transport 

characteristics commonly exhibited in organic light emitting diodes (OLEDs), spin-valves 

and magnetic tunnel junctions (MTJs) [ 11,12,13], In addition, numerous reports have also 

shown structural investigations performed on these molecules in the solid state as 

polycrystalline powders, single crystals and thin films as well as in solution.

In the case of Znq?, early structural investigations revealed molecular geometries that 

were either planar or tetrahedral in nature [14], In 1985, Kai et al, reported crystals of 

anhydrous Znq2 grown from vapour that exhibited a tetrameric structure (Znq2)4 with four 
Zn^’^ ion centres [15], The localized electronic properties are similar to Alq3 due to the 

symmetry of the ligands in the molecular structure which defines the HOMO and LUMO 

levels. Electron transport and optical properties in the,se organic systems are heavily 

intlnenced by intcrmolecular interactions due to the n-n stacking of the ligands.

According to Sapochak et, al,, the (Znq2)4 has a highly symmetrical structure in 

comparison to the mcridianal Alq3 molecule ]8], Due to the inversion symmetry of the two 

neighbouring 8-hydroxyquinolinc ligands the intcrmolecular tt-ti distances are extremely 

close. It is also believed that the oxygen bond from the ligand to the zinc ion is much longer 

than the bond to the aluminium ion. Accompanying ab-initio calculations suggested that the 

precise distribution and proximity of the LUMO was localized along the link between the 

ligands positioned on opposite sides of the tetrameric structure. Based on this induced 

symmetry and stacking configuration, the electronic transport through the molecule is 

enhanced. The wealth of success obtained from using 8-hydroxyquinoline based molecules 

as the electron transporting layer in numerous devices has supported the choice of using this 

molecule to host magnetic ions. Ideally, these molecular magnets could serve as spin filters in 

future spin electronic devices. Using the Znq2 molecular structure shown in figure 4,1 as a 

benchmark, alternative divalent metallic ions such as Mn, Ee, Co, Ni and Cu were selected 

for possible replacement of the zinc atom. Interestingly, the charge transfer and magnetic 

properties of these desired molecules should vary and viable candidates for memory or logic 

devices may emerge if the transport characteristics are substantial. In the case where the
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transport properties are slightly insulating For a certain molecule, it might be beneficial to use 

this molecule as a thin tunnel barrier in existing organic MTJs.

Figure 4.1: Molecular structure ofZnq2 molecule (reprinted from [16])

The synthesis of the 8-hydroxyquinoline based metallic complexes incorporating a 

series of selected transition metals was performed by Dr. Lorena Monzon of the Magnetism 

Research Group at Trinity College Dublin. The process for synthesizing the following bis-(8- 

hydroxyquinoline) M(II) materials with M = Mn, Fe, Co, Ni and Cu were initiated from by 

Ig (6.88 mmol) of 8-hydroxyquinoline (Flq) powder [Sigma Aldrich] in 150 mL of ethanol. 

The solution was thoroughly stirred and heated until the powder is visibly dissolved. A 

separate solution was prepared with 3.44 mmol of the chosen cation M(II) chloride or nitrate 

salt in ethanol. This was added to the hot quinoline solution, and left to reflux for two hours. 

The volume of the reaction mixture was then reduced to two thirds by allowing the natural 

evaporation of a significant portion of ethanol. Water was later added to enhance 

precipitation of the solid, which was separated by filtration and washed with 10 mL of cold 

ethanol and water mixture. The remaining product was then purified by recrystallization and 

dissolving the solid in the least possible amount of ethanol, followed by adding water. Finally, 

the mixture was carefully filtrated leaving a solid behind which was later dried at 70 ° C.

Small molecules such as 8-hydroxyquinoline based molecules are typically deposited by 

thermal evaporation techniques in order to incorporate them as a thin film in a lateral or 

vertical electronic device; the surface morphology and roughness are important characteristics. 

To investigate these properties, Mq2 thin films were prepared from the synthesized powders 

by thermal evaporation in a bell-jar vacuum system with a base pressure of 5x10’® mbar. 

Consistent films with thicknesses ranging from 200 to 800 nm were grown on oxidized n-type 

silicon and glass substrates. The synthesized Mq? powders were placed in an alumina crucible 

which was heated up to 220°C depending on the material. The film thicknesses and deposition 

rate (~l A/s) were monitored by a quartz, crystal monitor during deposition. The surface
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topography shown in figures 4.2a-f and roughness (rms) of the resulting films were 

determined using the Asylum MFP-3D atomic force microscope (AFM). Commercial grade 

Znq2 powder obtained from Sigma Aldrich was also evaporated as a source of reference 

throughout this process of investigation.

Figure 4.2: AFM images of bis-(8-hydroxyquinoline}metal(Il) thin films on Si02 substrates 
with 1 X 1 pim scan area a)Mnq2, b)Coq2, c)Feq2, d)Znq2, e)Niq2, andf) Cuq2.
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The AFM images of the bis-(8-hydroxyquinoline) metal(II) thin films were extracted over 

a I X 1 qm area using an aluminium coated silicon cantilever. The surface morphology ol the 

Mnq2 and Coq2 thin films appears to possess irregular bumps surrounded by string-like 

patterns on the surface. These string-like patterns are less pronounced on the Mnq2 surface in 

comparison to the Coq2 surface. The measured rms roughness of the Coq2 film is 0.84 nm 

while the Mnq2 film is determined to 2.33nm. In comparison, the surface of the Feq2 film is 

relatively uniform with a roughness of 0.53 nm. This is in contrast to the Znq2 film which has 

broad features on the surface and a roughness of 4.02 nm. The Niq? film exhibits distinct 

terraces but maintained a relatively low roughness of 0.66 nm. The image of the remaining 

Cuq2 film showed extremely large features on the surface forming terraces. These steep 

terraces resulted in a huge overall roughness of 132 nm. Based on this, it appears that the 

preferred growth direction of the Cuq2 film is vertical. The roughness of all these films could 

be dramatically improved by lowering the deposition rate and pressure. With the exception of 

Cuq2, all these films possess the adequate surface morphology to be incorporated into a 

vertical electronic device without having an electrical short.

Initial inspection of the empty alumina crucible after deposition indicates that the entire 

molecule including the metal ion was successfully evaporated into the film. In order to verify 

that the deposited Mq2 thin films were free of any unwanted contaminates and possess the 

desired metallic ion, energy dispersive X-ray (EDX) measurements were performed. The 

EDX tool is contained as a part of the EEI Strata Dual Beam System described in chapter 2. 

This technique is useful for identifying the presence of specific elements due to their unique 

atomic structure which emits X-rays depending of the energy of charged particles that interact 

with discrete energy levels or electron shells relative to the nucleus. Each Mq2 film deposited 

on a Si()2 substrate was exposed to an electron beam at various energies producing a spectrum 

that indicate the presence of individual elements. Figure 4.3a-d shows the extracted EDX 

spectrum for Coq2, Eeq2, Mnq2 and Niq2 thin films. Each spectrum exhibits an intense peak at 

1.75 keV which corresponds to the silicon (Si) substrate, while carbon (C), oxygen (O) and 

nitrogen (N) peaks can be seen at energies below I keV. As expected, peaks corresponding to 

the presence of cobalt (Co), iron (Ee), manganese (Mn) and nickel (Ni) were detected at 

energies 6.9 keV, 6.4 keV, 5.8 keV, and 7.5 keV, respectively. This result indicates that the 

entire molecule with the desired metal ion was successfully deposited without any significant 

impurities. Unfortunately, the presence of the intense Si peak made it difficult to accurately 

determine the composition percentage of each individual element in the molecular structure.
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a)

Mnq,

d)
Niq^

Figure 4.3: EDX spectrum of his-(8-hydroxyquinoline}metal{lI) thin films on Si02 
substrates a) Coq2, b) Feq2, c) Mnq2, and d) Niq2
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EDX measurements were also performed on the Znqa and Cuq2 films as shown in figure 

4.4a-b. Similarly, each spectrum exhibited the standard peaks associated with the silicon 

substrate and the detectable light elements that compose the 8-hydroxyquinoline ligand. Peaks 

corresponding to the presence of zinc (Zn) and copper (Cu) were clearly visible at energies 

8.65 keV and 8.10 keV, respectively. This illustrates that the deposited films were without 

contaminants and possess the components of the desired molecules.

Cuq2

Figure 4.4: EDX spectrum ofbis-{8-hydroxyquinoline)metal(II) thin films on Si02 substrates
a) Znq2,and b) Cuq2.

Although the EDX measurements indicated that all the elements associated with the 

molecules are present in the thin film, the molecular structure is still unknown. In order to 

obtain a better understanding of the structure via molecular interactions with the various 

metallic ions, UV-visible spectroscopy of the Mq2 molecules were performed in solution and 

thin films using a Shimadzu 2401 PC spectrometer. The UV-visible absorption spectra of the 

pure Hq, and the organometallic compounds were initially acquired at room temperature in 

diluted Dimethyl sulfoxide (DMSO) solutions. Eigure 4.5 shows the normalized absorbance 

spectra of Hq, Mnq2, Feq2, Coq2, Niq2, Cuq2 and Znq2, in DMSO. Initial inspection of the 

overlaid absorption spectra of the Mq2 molecules illustrated similar features which correspond
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with the molecular interaction between the ligand and the metal. This is very apparent in 

comparison with the spectra of the pure Hq molecule which exhibits a single primary peak at 

a significantly lower wavelength than the compounds with a metal ion at the centre of the 

molecule. In contrast to the Mq2 molecules that possess double peaks, the primary peaks are 

slightly shifted depending on the metal-ligand interactions. Interestingly, the spectrum of the 

Feq2 molecule shows four distinct peaks that do not coincide with any of the other Mq2 

molecules. This is an indication that the main interactions possible takes place between 

neighbouring ligands as well as the metal and ligands from neighbouring molecules. Based on 

this revelation, the resulting molecule could possibly be Feq3 rather than the desired Feq^. 

Further investigation is needed in order to clearly identify the precise species of the molecule.

Figure 4.5: UV-vis absorption spectra of bis-(8-hydroxyquinoline)metal(II) molecules in
DMSO solution.

The strongest optical absorptions are n - n* transitions localized on the ligands and that 

the nature of the metallic atom which contributes to the difference found in the maximum 

wavelength (A-max) of Hq (316 nm) and Mq2 (~ 400 nm) can be understood in terms of the 

stability that brings this delocalization to the molecular system. In other words, the electronic 

interaction between the two ligands in the complex decreases the HOMO-LUMO gap present 

in Hq alone. To explain the slight differences observed in the spectra, A^iax is plotted vs. the 

effective ionic radii of the ions in tetrahedral configuration in figure 4.6. The trend shows that 

A-max shifts to lowcr energies when the metal ion gets smaller. This is intere.sting experimental
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evidence of’ the influence of the distance of separation between quinoline moieties on the 7i - 

71* gap. Niq2 and Cuq2 are highlighted with different symbols since they possess a different 

molecular structure than the other molecules which will be discus.sed below.

Figure 4.6: Maximum wavelength Ionic radii M'* high spin (ppm) obtained from
UV-vis absorption spectra of bis-(8-hydroxyquinoline)metal(II)molecules.

According to Torres et. al. the Fe (III) chelate compounds are known by their anomalous 

absorbance bands. Several complexes containing this ion have absorption bands in the visible 

and near U'V region quite different in comparison to those of the ion or the ligand [ 17). The 

origin of these absorption bands at ~ 600 nm is ascribed to the interactions established among 

some d orbitals of the metal with 7i and 7t* of the quinoline moieties.

To further study the interactions between the metal and the ligands of the Mq2 molecules 

in a solid medium, Mq2 films were prepared by thermal evaporation onto a glass slide. 

Investigations into molecular interactions in the thin film form will give some useful insight 

into the electronic behaviour or emission properties of the molecules when incorporated into 

an organic spin electronic device or a light emitting diode. In general, the obtained spectra in 

figure 4.7 illustrated similar features that were observed in solution with slightly 

bathochromic shifts due to the stabilization that the dipoles of the solvent caused on polarized 

excited states. The Mnq2, Coq?, Niq?, and Znq2 films in particular share double peaks with 

the primary peaks around the 400 nm wavelength. The presumed Feq2 absorbance spectra 

exhibits the multiple peak features similar to what was seen in solution. Interestingly, the
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Cuq2 spectra exhibit the characteristic double peak features, but is significantly shifted in 

comparison to what was observed in solution. The primary peak is directly correlated with 

the molecular interactions on the centre copper ion, while the secondary peak at a much lower 

wavelength indicates that the 7t - 7t* interactions associated with the ligand has been slightly 

altered. Thermal evaporation of the Cuq2 molecule appears to have modified the binding 

energies associated with the molecular structure and possibly the stacking.

Figure 4.7: UV-vis absorption spectra ofbis-(8-hydroxyqiiinoline}metal(II} thin fibns on
glass slide.

In order to gain asome insight into the difference in band edge positions of the molecular 

films, the optical HOMO-LUMO gap was calculated from the value of the primary 

peaks, using the following expression:

HOMO - LUMO gap = h ■ c (4.1)

where h is the Planck’s constant (4.13566733x10 eV s) and c is the speed of light (2.99x10* 

m/s). Table 4.1 shows a summary of the extracted X^ax and energy gaps. The obtained band 

gaps for the Znq2, Coq2, Niq2, and Mnq2 molecules are within the range of the previously 

reported energy gap of Znq2 film [ 18]. The energy band gaps for Cuq2 and Feq2 are 

intriguingly smaller indicating that if incorporated into a multilayer device, the injection of
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charge might require a much lower potential depending on the position of the work function 

of the contacting material relative to the vacuum level.

Materials ^max(nm) HOMO-LUMO gap (eV)

Znq2 384 3.22

Coq2 394.5 3.13

Niq2 392.5 3.15

Mnq2 382 3.24

Cuq2 470 2.63

Feq2 475 2.60

Table 4.1: Summary of measured maximum wavelength and HOMO-LUMO gap of 
bis-(8-hydroxyquinoline)metal(lI) molecules.

Based on the obtained HOMO-LUMO gaps of the standard Mq2 molecules similar to the 

Znq2 molecule, photoluminescence (PL) measurement was performed on the Znq2 film to get 

some indication of the emission characteristics if incorporated in an OLED structure. Figure 

4.8 shows a maximum emission wavelength at 537.5nm when excited at 446 nm which is 

similar to previously reported films [18].

Figure 4.8: PL spectra of7Mq2 thin film grown on a Si02 substrate.
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So far, the AFM and absorbance analysis performed on the Mq2 materials have revealed 

some interesting properties which arc believed to be related to the molecular structure as a 

result of various interactions as well as the fabrication process. A good technique for 

investigating the structural properties of the molecules is X-ray diffraction (XRD) 

measurements. This technique is capable of analyzing the crystallographic structure of the 

contents of the unit cell, and determining the lattice parameters. A Siemens XRD system with 

a CuK{„ (A,= 1.541 A) radiation source was used to characterize all the Mq2 materials after 

synthesis as well as in thin film form. The X-ray diffraction patterns for Coq2, Feq2, and 

Mnq2 powders are shown in figure 4.9 along with the amorphous background of the Si02 

substrate while the diffraction patterns for Niq2, Cuq2 and Znq2 are shown in figure 4.10.

Figure 4.9: X-ray diffraction patterns of Coq2, Feq2 and Mnq2 powders on Si02 substrate.

Based on the diffraction peaks obtained, the extracted unit cell for the Mnq2, Feq2 and 

Coq2 molecules appears to be triclinic with a P-1 space group. Although all three powder 

patterns present similar features, some variations in intensities and peak positions can he seen. 

The unit cell parameters for Znq2 were reported by Sapochek et. al. in 2008 [8]. Based on this 

cell we were able to deduce a similar set of unit cell parameters from the powder pattern of 

Mnq2. The extracted parameters for the Mnq2 powder shown in figure 4.9 were a = 11.83A, b 

= 13.10A,c = 10.84A;a= 106.55°, 109.25°, y = 74.21°. This suggests that Mnq2 also

forms a tetrameric structure. Further inspection of the Niq2 diffraction peaks shown in figure 

4.10, it is apparent that the major peaks identified by the arrows directly correspond to the
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peaks seen for the other molecules with magnetic ions. Interestingly, Cuq2 and Znqa 

molecules exhibit differing diffraction patterns which also differ from the other Mq2 

molecules. Comparing the data obtained the Mq2 molecules with those reported by Sapochak 

et. al. it seems that only Mnq2 and perhaps Coq2 shares the same tetrameric structure [8]. The 

others materials crystallize forming different structures which may be due to the formation of 

monomer or dimers. Further investigation involving single crystal diffraction is needed in 

order to precisely determine the structural differences between for the Mq2 powders.

26 (deg.)

Figure 4.10: X-ray diffraction patterns of Niq2, Cuq2 and 7.nq2 powders on Si()2 substrate.

In the case of the thermally evaporated Mq2 thin films, the XRD measurements for Mnq2, 

Feq2, Coq2, Niq2, and Znq2 shown figure 4.11 illustrate that they are all amorphous. The 

curves exhibit a characteristic broad peak at low angle and then flatten at higher angles. This 

result was expected since most organic film grown using this method under normal 

conditions yield this type of amorphous structure. Surprisingly, the Cuq2 film grown using 

the same method revealed crystalline features similar to what was observed in powder form. 

The comparative diffraction patterns of the Cuq2 powder and the thin film can be seen in 

figure 4.12. This result implies that after evaporation, the Cuq2 material maintains its crystal 

structure in the thin film. This is consistent with the roughness observed from AFM in figure 

4.2f. Although the precise crystal structure for the Cuq2 material is uncertain, it is believed 

that the structure is planar due to the fact that the AFM image in figure 4.2f revealed that the
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preferred direction for molecular stacking was vertical. Also, the UV-vis absorbance spectra 

of the Cuq2 material revealed a significantly smaller band gap than most of the other 

molecules. This indicates that the n - n* orbitals are considerably overlapped resulting in 

greater interactions and a smaller band gap. This is consistent with a planar arrangement of 

the molecules in order to facilitate the stacking of neighbouring 8-hydroxyquinoline ligands.
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f igure 4.11: X-ray diffraction patterns of Mnq2, Feq2. Coq2, Niq2 and y.nq2 thin films on Si()2
substrate.

Figure 4.12: X-ray diffraction patterns of Cuq2 thin film and powder on Si02 substrate.
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4.3 Magnetic Properties of Mq2 Materials

The existence of sp^ carbons arranged in intricate ^-conjugated systems have been 

known to exhibit magnetic properties in some cases due to the presence of unpaired electrons 

[ 19, 20], There have also been reports of the incorporation of spin-polarized donors that are 

connected in a cross-conjugated configuration yielding novel high spin species [21]. In the 

case of organometallie materials like Mq2 molecules, the presence of organic donors and 

transition metal ions creates a 7t-d system where the two types of electrons can potentially 

couple magnetically. In the presence of an applied magnetic field, all spins associated with 

the bulk material can be aligned at low temperature.

In order to investigate the magnetic properties of the source Mq2 powders, approximately 

15 mg of each powder was carefully placed in gel capsules which weighted 39.1(2) mg. Each 

material was measured using the MPMS SQUID magnetometer at temperatures ranging from 

300 K to 4 K. Figure 4.13 shows the molar susceptibility (Xm) vs. temperature curves at 100 

mT with the reciprocal molar susceptibility in the inset.

The molar susceptibility curves exhibited strong temperature-dependent paramagnetic 

behaviour. Mnq2 and Feqa displayed the largest magnitude of susceptibility at 4 K while Cuq2 

showed the least. The occurrence of this temperature-dependent paramagnetic phenomenon is 

characteristic of materials where individual atoms or molecules possess a permanent 

magnetic moment which is significantly disordered at increased temperature. Curie law 

behaviour is due to the opposing effects of energy reduction by orientation of the moment in 

the direction of the applied field and the thermal agitation producing random orientation of 

magnetic moments. The magnetic atoms can potentially develop a spontaneous macroscopic 

magnetic moment at low temperatures as a result of exchange interactions between atoms 

which align to their magnetic moments. Non-interating ions exhibit Curie law susceptibility

Zm =
NoPlffPl C

3kJ r (4.2)

where the effective spin-only magnetic moment, - gfs{s + I) , and A^Qis Avogadro’s 

number and C is the Curie constant.

The results obtained confirm the concept that systems containing Mn^"^ s = 'V2 and Fe^^ s 

2 ions should have a higher effective spin-only magnetic moment in comparison to systems
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with Ni^"^ s = I and s = '/2 ions. Plots of the reciprocal molar susceptibility (Xm ') vs. 

temperature shown in the inset appear to follow the Curie’s Law precisely but on closer 

examination at the low temperature region (figure 4.14) it can be seen that Mnq2, Fcq2, and 

Coq2 do not exhibit a straight line at the lowest temperature.

50 100 150 200 250
Temperature (K)

300

Figure 4.13:Molar susceptibility V5. temperature of his-(8-hydroxyquinolme}metal(II) 
powders with the reciprocal molar susceptibility in the inset.

Figure 4.14: Reciprocal molar susceptibility V5. temperature of bis-(8-hydroxyquinoline)
metal(II) powders.
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Further analysis of the obtained magnetization results of the Mq2 powders revealed some 

interesting comparative parameters which give some insight into properties associated with 

molecular magnetism in these organometallic systems. In order to perform a proper 

comparative analysis, each curve was normalized by subtracting the background offset due to 

the gel cap and fitting large portions of the curves. Each curve was fitted using the Curie- 

Weiss Law which is described as

C
Zm =-T-0

(4.3)

where C is the material specific curie constant and the paramagnetic curie temperature is 0. 

The measured and extracted magnetic parameters of the Mq2 powders are shown in table 4.2. 

The table compares the measured Peffoi the Mq2 powders and the theoretical Pejfoi the 

relevant transition metal (3d) ions. As expected, the measured and theoretical results are close 

to each other. This indicates that the predominant ionic species is based but a few 

molecular defects or impurities could possibly inlluence the results. Mnq2 and Niq2 

molecules exhibited the largest discrepancy between the measured the theoretical values. This 

discrepancy appears to be rellected in the magnitude of the measured 6 for both molecules. 

The low value oi peff for Mn could be due to the presence of some Mn in a higher valence 

state: Mn^"^ has s = 'V2, where as Mn'^"^ and Mn^*"^ have s = 2 and s = respectively. Likewise, 

the high value for Ni could have a similar explanation: Ni^"^ has s = 1, where as Ni'^"^ has s=V2.

Materials raw fit) /gram gram/mol Peffimeas.) Peff(theor\') OiK)

Mnq2 1.53x10“’ 1.02x10- 343.26 5.28 5.92 -4.2

Peq2 1.16x10’ 8.02x10-’ 344.16 4.69 4.90 -0.7

Coq2 7.84x10-'’ 5.56x10 ’ 347.25 3.92 3.87 -1.4

Niq2 5.76x10'’ 4.02x10-’ 347.01 3.34 2.82 -6.2

Cuq2 1.73x1 o'’ 1.24x10’ 351.87 1.85 1.73 -1.6

Table 4.2: Summary of measured and extracted magnetic parameters of Mq2 powders.

Based on the results obtained from the Mq2 powder susceptibility measurements, it was 

decided that further investigation of the Mnq2 powder by electron paramagnetic resonance 

(EPR) spectroscopy would be informative. EPR spectroscopy is based on the absorption of
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electromagnetic radiation within a molecular system where ions possess electrons with an 

impaired spin moment. The interactions of the impaired electron spin moment with the 

magnetic field results in the well known Zeeman effect where the ion’s magnetic energy 

levels are split into 2s+l sublevels. The difference between the two adjacent energy levels is

AE^gjU^B, (4.4)

where g is the g-factor of the ion, /is is the Bohr magneton and Bq is the magnetic field 

strength. This implies that the strength of the magnetic field can determine the splitting of the 

energy levels. The energies associated with this process can be induced by the absorption or 

emission of electromagnetic radiation. Molecular systems with transition metal ions can 

potentially alter its g-factor due to the fact that unpaired electrons can spontaneously gain or 

lose angular momentum eaused by influences from neighbouring sites. Hyperfine eoupling 

and interactions from the molecular environment can also influence the line shape of the EPR 

signal.

The EPR spectroscopy of the synthesized Mnq2 powder was performed by Karl Ackland 

from the Magnetism group at Trinity College Dublin. Measurements were performed at room 

temperature using the Bruker EMX system with magnetic fields ranging from 0.15 to 0.55 

Tesla. The first derivative of the EPR absorption signal is plotted in order to reveal the final 

spectrum which is shown in figure 4.15. The EPR spectrum centered on 0.35 T exhibits a 

relatively broad line (AB = 40 mT) response. The broad line maybe due to local dipole field 

interactions incurred from neighbouring manganese spins.

Figure 4.15: EPR signal ofMnq2 powder at room temperature.
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To gain some additional insight into the paramagnetic centers associated with the 

electronic structure, the g-factor was determined to be 2.025±0.001, while the number of 

spins in the sample deduced from the line intensity was (3.5±1.0) x 10"*^ spins/gram. Since the 

g-factor of a free electron is known to be 2.0023 |22], it is implied that the angular 

momentum of the ion in this system has been altered due to through spin-orbit coupling in the 

8-hydroxyquinoline molecular environment.

The magnetization analysis performed so far in this chapter has focused on the Mq2 in 

the powder state. Practically, not many devices incorporate organometallic powders and still 

maintain functionality. As mentioned above, the magnetic property analysis of organic thin 

films is very useful since it is as films that they can potentially be incorporated into OLEDs 

and spin-valves. A good understanding of their properties can help to precisely tailor the 

appropriate structure to enhance performance. With this in mind, the thermally evaporated 

Mq2 thin films were also analyzed using the MPMS SQUID magnetometer at temperatures 

ranging from 300 K to 4 K. These films were grown on a diamagnetic Si/Si()2 substrate 

which was carefully diced into 5x5 mm^ samples that fit perfectly into the SQUID 

magnetometer sample space.

Figures 4.16a shows the magnetization vs. magnetic field curves at 300 K and 4K with a 

magnified view in the inset. Interestingly, at room temperature the Coq2 film exhibits a 

slightly ferromagnetic behaviour with a saturating field of approximately 0. IT. The magnetic 

moment was 1.0 xlO' Am . At 4K, the paramagnetic magnetic moment of the cobalt is 

unsaturated at 5 K, reaching a value of 2.2x10'^ Am^ at a field of 5 T. The ferromagnetic 

signal at room temperature is attributed to traces (~0.1 %) of metallic cobalt impurity in the 

sample. The magnetization vs. temperature curve with the reciprocal susceptibility plot in the 

inset is shown in figure 4.16b illustrating the strong temperature dependence of the magnetic 

moment. A linear extrapolation was applied to the reciprocal susceptibility revealing a 0p of - 

14 K. The negative sign shows that the Co-Co exchange is antiferromagnetic.
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Magnetic Field (T)

I'igure 4.16: Magnetization curves for Coq2 thin film: a) M vs. H curves at 300 K and 4 K 
with a magnified view in the inset h) M V5. T curves at I T with a linear fit of I// V5. T curve in

the inset.

The magnetization vs. magnetic field curves at 300K and 4K of the Feq2 thin film is 

displayed in figure 4.17a with a magnified view in the inset. The diamagnetic response at 

room temperature evolves into a strong paramagnetic signal at 4 K where the magnetic 

moment is 3.68x10'^ Am^ at 5 T. Figure 4.17b shows the temperature dependence on the 

magnetization with the linear extrapolated fit of the reciprocal susceptibility. The extracted 0,, 

from the linear extrapolation of the data below 50 K was revealed to be 0 K. However the 

data do not exactly fall on a straight line because the magnetization at the lowest 

temperatures is no longer proportional to field in 1 T.
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Magnetic Field (T)

Figure 4.17: Magnetization curves for Feqz thin film: a) M vs. H curves at 300 K and 4 K 
with a magnified view in the inset h) M vs. T curves at IT with a linear fit of 1/x vs. T curve in

the inset.

The magnetic characteristics of the Mnq2 thin film was also investigated at 300K and 4 K 

as shown in figure 4.18a and 4.18b with a magnified view in the inset. The room temperature 

behaviour shown figure 4.18a is again diamagnetic due to the substrate and evolves into a 

paramagnetic response at low temperatures. The magnetic moment extracted at 4 K is 

1.14x10’^ Am" at 5 T. The temperature dependence on the magnetization with the linear 

extrapolated fit of the reciprocal susceptibility figure 4.18b shows. The extracted Op from the 

linear extrapolation was revealed to be -4K.
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Magnetic Field (T)

Figure 4.18: Magnetization curves for Mnq2 thin film: a) M vs. H curves at 300 K and 4 K 
with a magnified view in the inset h) M vs. T curves at IT with a linear fit of I/x vs. T curve in

the inset.

The Niq2 thin film was also analyzed using the SQUID where the magnetization vs. 

magnetic field curves at 300 K and 4 K are shown in figure 4.19a with a magnified view in 

the inset. The usual substrate diamagnetic signal is observed at 300 K evolving into a 

paramagnetic signal at 4 K where the magnetic moment is smaller than for the other ions, 

2.63x10’ Am at 5 T. Analysis of the temperature dependent magnetization with the linear 

extrapolated fit of the reciprocal susceptibility has revealed a dp of -7.5 K.
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Magnetic Field (T)

Figure 4.19: Magnetization curves for Niq2 thin film: a) M vs. FI curves at 300 K and 4 K 
with a magnified view in the inset h) M w. T curves at IT with a linear fit of 1/x vs. T curve in

the inset.

The magnetization curves of the Znq2 thin film shown in figure 4.20a and 4.20b, exhibits 

purely diamagnetic signals at both room temperature and 4 K with magnetic fields up to 5 T. 

Although this behaviour was expected, the result clearly indicates that there are no 

paramagnetic impurities that could have contaminated the sample during the growth process. 

Importantly, this also indicates that the pure 8-hydroxyquinoline molecule does not possess 

unpaired electrons which could produce a magnetic signal.
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a

Temperature(K)

Figure 4.20: Magnetization curves for Znqz thin film: a) M // curves at 300 K and 4 K h)
M V5. T curves at FJ\

Based on the results observed in figures 4.16 to 4.20, it can be interpreted that the 

magnetic properties of the metallic ion will heavily influence the magnetic properties of the 

various Mq2 molecules. This is unlike what has been observed in some sp carbons arranged 

in intricate Ti-conjugated systems with unpaired electrons and no metallic ions 119, 20]. A 

summary of the extracted magnetic moment at 4 K with an applied magnetic field of 5 T and 

the paramagnetic Curie temperature extracted from data at 1 T can be seen in table 4.3. 

Although all of the Mq2 films exhibited a paramagnetic response similar to what was 

observed in the Mq2 powders, a precise comparative analysis was inhibited due to 

uncertainties in the film thickness. As expected, the magnetic moment associated with the 

Feqa and Mnq2 thin films pos.sessed a higher magnetic moment in comparison to the Niq2
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film, reflecting the difference that was observed in the source Mq2 powders. The Coq2 film 

exhibited slightly higher moment than the Mnq2 film which was unexpected. The magnitudes 

of the extracted Curie temperatures were somewhat arbitrary, since they depend on the 

temperature range for the extrapolation.

Thin Eilm Magnetic Moment

(lO'-^Am^), 5T, 4K

OfK) Eitat IT

Coq2 0.0022 -14

Eeq2 0.00368 0

Mnq2 0.00114 -4

Niq2 0.000263 -7.5

Znq2 -0.00029 —

Table 4.3: Summary of measured and extracted magnetic parameters of Mq2 films.

As mentioned above, the molecular interactions between the metallic ion and the 

ligands of the Mq2 molecules in a solid medium have the potential to influence the optical and 

electronic properties of the bulk thin film material. This molecular interaction can alter the 

structure as shown above, as well as the inherent molecular stacking in the bulk. The UV-vis 

spectroscopy analysis performed above gave some insight into the optical band gap based on 

71 - 71* interactions. This information is u.seful for understanding the emission properties of 

Mq2 based light emitting devices while the electronic transport properties might not be very 

clear since electron injection depend on the work function of the contacting electrodes relative 

to the HOMO-LUMO levels.

4.4 Electronic Transport Properties of Mq2 Based Devices

In order to investigate the electronic transport properties of these types of Mq2 thin 

films in multilayer Junctions similar to those used in (JLEDs and spin-valves, vertical 

structures were fabricated using a three step evaporation process. Using thermally oxidized 

silicon wafers, 20 nm thick Ag film was grown on top of a Cr seed layer (10 nm) by e-beam 

evaporation through a shadow mask using a BOC Edwards Auto 500 evaporator (base 

pressure: 5x10'^ mbar). The sample is then removed from the chamber and placed into the
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evaporator designated organic. A 40 nm thick semiconducting organic Mq2 layer was 

thermally evaporated on top of the predefined bottom electrode. The sample was then 

removed from the organic evaporator and returned to the BOC Edwards evaporator in order to 

deposit the 20 nm thick top Ag electrode through another shadow mask. This essentially 

creates an active junction area of 500 x 500pm with the multilayer stack resembling the 

schematic shown in figure 4.21. Mq? thin films such as Znq2, Feq2, Coq2 and Niq2 were 

inserted between the Ag electrodes while Cuq2 was excluded due to its high roughness.

Ag (20 nm)

Mqj (40 nm)

Ag (20 nm) 

CrflO nmj

Figure 4.21: Schematic of vertical multilayer Mq2 based thin film structures.

These vertical devices were measured at room temperature in a four-wire configuration 

using the RT-rig system which was described in chapter 2. Figure 4.22 shows the current vs. 

voltage curves of Znq2, Feq2, Coq2 and Niq2 based vertical structures within the low bias 

regime. The figure in the inset displays the 1-V curve of the Znq2 based structure at higher 

biases. Initial observation of the curves highlights a distinct difference between the Znq2 

device and the other devices. Mainly, the current magnitude of the Znq2 device is 

significantly higher and is accompanied by an ohmic response up to 1.5 V. This ohmic 

behaviour is gradually altered above 2 V exhibits a non-linear characteristic as shown in the 

inset. In comparison, the other devices appear to be more insulating at low biases and require 

much larger bias voltage in order for any significant current to flow through the organic 

channel.
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Figure 4.22: Current voltage curves of bis-(8-hydroxyqumoline)metal(II) based vertical
structures with Ag electrodes.

Interestingly, the least conductive of the molecular based devices appear to Niqi and 

Coq2. Although it is not entirely clear why this is the case, it is seems that the molecular 

interactions between the metal and 8-hydroxyquinoline ligand which has inlluenced the 

molecular stacking and hence the conductivity. Figure 4.3 shows schematic band diagram of 

Ag/Mq2/Ag interfaces.

.......................... VdCLI LI ni

4.7eV

Mq,

LUMO

2 GU-3.24eV

HOMO

Figure 4.23: Schematic band diagram of Ag/Mq2/Ag interfaces

With the work function of silver approximately 4.7eV relative to the vacuum level, the 

injection of charge carrier (holes) into the HOMO level will depend largely on its position 

relative to the vacuum level. The increase in applied bias across the junction area results in 

increased shift of the Fermi level in order to enable the How of holes. This is increasingly 

apparent seeing that there is no correlation between the measured optical band gap extracted

11



from the absorption spectroscopy and the electronic transport characteristics. Overall, the 

transport properties of the Znq2 based device illustrates the highest conductivity which can be 

effective if incorporated as the spacer layer in a MTJ or OLED structure.
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Chapter 5
Rubrene Single-Crystals

5.1 Introduction

The quest for high performance, miniature organic devices comparable to existing silicon 

based technologies has fueled an enormous interest in the field of organic electronics over the 

last few years. The next generation of organic electronics should pave the way for potentially 

low power, flexible integrated circuit that is capable of performing logic, memory and display 

operations. In order for this to become a reality, fast-switching submicron devices would 

need to harness the potential electronic transport characteristics based on both charge and 

spin.

Some of the most frequent transport studies performed on organic semiconductors are 

based on thin film devices where the intrinsic electronic properties depend heavily on random 

structural imperfections [1,2, 3]. Although there has been tremendous progress in the 

incorporation of organic thin films in field-effect transistor, the lack of hetero-epitaxial 

growth techniques for these Van der Waals bonded films have limited the creation of high 

quality interfaces with contacting materials [4J. Figure 5.1 illustrates the evolution of the field 

effect mobility of organic field effect transistors (OFETs) since 1984 up until 2004 when the
9

highest reported mobility was 20 em'A's |5]. Since that time, Takeya et. al. were able to 

observe up to 40 cnrAfs in 2007 [6,7]. Earlier work performed in the field was based on 

both n and p-type organic semiconducting films but with the emergence of organic single 

crystals in the 1990s and beyond, the mobility appears to have entered into the range of 

amorphous silicon based devices which is approximately around 1 cm /Vs.
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Figure 5.1: Evolution of field effect mobility of OFETs (reprinted from Y. Iwasa, el. al. [5])

Tlie fabrication of organic single crystal FETs has required several novel techniques as 

well as conventional microelectronic processing techniques such as sputtering, evaporation, 

photolithography, and e-beam lithography. Although most of these techniques are largely 

incompatible for contacting organic crystals, the most nondestructive of these have been the 

incorporated to launch this relatively young field of research. The physical, chemical and 

technological challenge of growing single crystalline organic materials on top of inorganic 

surfaces with matching interfaces remains as one of the biggest hurdles restricting progress in 

the organic electronics field. The brittle nature of the crystals limits the potential use of 

aggressive deposition techniques while the weak chemical bonds prevents the use many 

conventional solvents that would dissolve the crystal in the process.

Since these crystals tend to grow as free standing units, any device made by contacting 

the surface of the crystal would be essentially capable of probing the intrinsic characteristics 

of the surface. In the case of rubrene single crystals, Podzorov et. al. and Takeya et. al. have 

fabricated FETs using the top-down and bottom-up techniques shown in figure 5.2. The top- 

down approach used by Podzorov et. al. starts with a large rubrene crystal on top of a 

substrate where the source/drain/gate metallic contacts and parylene gate insulator are 

thermally evaporated on top of the surface of the crystal using shadow masks. Takeya et. al.’s 

bottom-up approach requires the patterning of all the metallic electrodes on to an insulating 

oxidized silicon substrate and then rubrene crystal is placed on top of the electrodes. Both 

approaches have been applied successfully by several research groups for a large variety of 

molecular crystals but achieving reproducible results between samples is still illusive.
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Figure 5.2: Schematics showing standard approaches used for the fabrication of Rubrene
crystal based FETs [5].

5.2 Properties of Rubrene Crystals

Although rubrene crystals have become the benchmark material for achieving high 

performance OFETs, it is not entirely clear why its molecular structure in the crystalline state 

exhibits such superior mobility in comparison to other similar crystalline materials. The 

molecular structure of the rubrene molecule (C42H28) shown in figure 5.3 is a tetraphenyl 

derivative of tetraccne and is approximately 1.5 nm in length. The standard tetracene 

molecule can be observed as the backbone of the molecule with phenyl substituents are 

attached at the side which is reflected in the official molecular name of (5,6,11,12- 

tetraphenylnaphthacene) . This p-type molecule was reported to possess a HOMO energy 

level of 5.2eV and a LUMO level of 3.()eV relative to the vacuum level [8).

Figure 5.3: Molecular structure of Rubrene (reprinted from T. Flasegawa et. al. [9])

Over the years, the preferred growth method for obtaining purified organic single 

crystals such as rubrene has been physical vapour transport (PVT) [4]. In this method, the 

vapour of a heated organic powder is transported in a quartz tube by an inert gas such as high 

purity Ar, N2 or H?. Depending on the temperature gradient in the tube, the organic material 

will crystallize at a specific temperature. One of the big advantages of this technique is that it
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facilitates self purification of the crystals since heavy or light impurities are restricted to 

certain areas of the tube. This growth method typically generates millimetre size crystals 

depending on growth time and rate.

In order to obtain micron size crystals, they were grown by absorbent-assisted physical 

vapour transport (AA-PVT) which was applied to Alq^ nanowires in 2006 by Zhao et. al. [ 10]. 

Figure 5.4 shows the schematic for the AA-PVT setup which was modified specifically for 

rubrene growth by removing the water flow unit at one end of the tube. This was done in 

order to stabilize the temperature gradient in the tube and prevent rapid crystallization by 

external cooling in the growth zone. This method was described in chapter 2 in great detail. 

The source material (rubrene) was mixed with aluminium oxide (y-AFO.r) which is the 

adsorbent material. The y-AFO,! to rubrene ratio was maintained at around 10:1 in order to 

preserve good uniformity during the growth, which was on silicon (100) substrates. The 

furnace was programmed to stabilize the temperature at around 580 K for an hour, followed 

by cool down to 300 K while keeping a constant argon flow rate. This allows for the 

generation of evenly-dispersed vapours from the source which forms miniature nucleation 

sites on the surface of the substrate as seen in figures 5.5a and 5.5b. These SEM images 

revealed circular rubrene particles of various diameters which will serve as nucleation sites. 

The rubrene-coated substrate is then removed from the cold zone area and placed in the 

centre of the growth tube in order to anneal at 433K for an additional 2 hours without argon 

How.

Furnace

Figure 5.4: Schematic of AA-PVT setup without water cooling for rubrene crystal growth.
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m
Figure 5.5: SEM images of rubrene based organic particles on Si02 substrate created by AA-

PVI' a)]50 X 150pm view b) 10 x 10pm view.

Figures 5.6a and 5.6b shows the SEM images of the microscale rubrene crystals obtained 

after the 2 hour annealing process. The resulting crystals are rectangular in shape and possess 

a wide range of thicknesses. It appears that the annealing process induces the conglomeration 

of the organic particles into single crystals. The clearly preferred growth direction can be 

seen along the longest length of the crystals with relatively uniform surfaces. Organic debris 

can also be seen around the crystal which implies that an additional purification step has been 

taking place during annealing which should significantly reduce the concentration of defects 

in the crystal.

a)

Figure 5.6. SEM images of rubrene crystal on Si02 substrate a) View of 3-5 independent
crystals b) Closer view of two crystals.

Judging from the SEM images seen above, the rubrene crystals appear to have a very 

smooth and consistent surface. With this initial observation, further investigations were 

performed on the crystal surfaces using the Asylum AFM tool described in chapter 2. The 

AFM images obtained from the surface of a single crystal at different area scans are shown
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below in figures 5.7a and 5.7b. They reveal that smooth, Hat terraces are separated by 

monomolecular steps. Implying that each crystal consists of molecular layers of rubrcne 

sheets are stacked on top of each other. The measured RMS roughness on the surface of the 

crystal was determined to be 0.328 nm, while the step height of the each molecular sheet is 

approximately 1.36 nm which is similar to the length of an extended rubrene molecule.

Figure 5.7: AFM images of rubrene crystal top surface a) 5 x 5 pm scan h) I x I pm scan
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figure 5.8: Profile of molecular step on rubrene crystal surface

The crystal structure of the rubrene crystal was initially investigated using powder 20 X- 

ray diffraction (XRD) with CuK« radiation. The diffraction patterns of both the rubrene 

micro-crystals and source powder ( >98%-Sigma Aldrich) are compared in figure 5.9, where 

it can be seen that the crystal structures are similar expect that the powder has additional 

peaks due to its polycrystalline properties. A SEM image of the pure rubrene powder is 

shown in the inset. In order to determine the preci,se crystal structure of the crystal, a Rigaku 

Saturn 724 single crystal diffractometer system [Dr. Thomas McCabe] with MoIC, radiation 

was used to obtain the diffraction shown in figure 5. lO. The unit cell was identified as
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orthorhombic (space group - Cmca) with a = 2692.1 pm, b = 716.1 pm, c = 1435.1 pm; a = P 

= Y = 90°. EDX analysis on the crystals is shown in the inset to highlight the fact that the 

carbon-rich structure contains no heavy impurities such as aluminum which was a component 

in the absorbent material.

Rubrene p-Crystals on Silicon 
Rubrene Powder on Silicon

16 18 20 

29(deg.)
28 30

Figure 5.9: X-ray diffraction patterns of rubrene powder and micro-crystals on silicon 
substrates. Inset: SEM image of rubrene powder.

Figure 5.10: X-ray Diffraction pattern (Rigaku Saturn 724) of rubrene single crystal. Inset:
EDX pattern.
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Based on the obtained crystal structure, it was determined that the b-axis is parallel to the 

preferred growth direction while the c-axis corresponds to the slowest growth direction or the 

top surface of a flat crystal. The a-axis is parallel to the stacking of the molecular sheets. 

Judging from the expected molecular structure shown in figure 5.11, the rubrene crystal 

seems to exhibit a highly anisotropic packing pattern which forms an irregularly Hat crystal 

shape with a distinctive preferred growth direction. The strength and symmetry of the 

intermolecular interactions associated with the molecules influence the dimensions of the 

crystal during growth. Interestingly, the extracted dimension for the c-axis in lattice represent 

the thickness of molecular terraces observed on the surface of the crystal by AFM. This 

implies that the sample has single crystal properties since the length of a single molecule is 

approximately half of that value. Therefore, the parallel molecular sheets are seen as one 

crystal. This peculiar structure was also observed by Menard et. al. [II].

Figure 5.11: Stacking of ruhrene molecular structure in a crystal (reprintedfrom T.
Hasegawa et. al. 19])

5.3 Lateral Rubrene Crystal Based Devices

The lateral metal/rubrene-crystal/metal structures illustrated in figure 5.12 were 

fabricated using conventional techniques. UV lithography and sputtering was used to 

fabricate the 60 nm thick Au, NiFe, and CoFe electrodes which were patterned on a silicon 

substrate with a 500 nm thick Si02 layer. A thin adhesive/seed layer of titantium or tantalum 

is typically inserted between Si02 and metal electrodes. Patterned focused ion beam (FIB) 

milling was used to create a nanoscale gap between the two electrodes. A Kleindeck 

micromanipulator located inside the FEI Strata system was also used to precisely select an 

organic crystal and place it across the nanoscale gap in order to electrically bridge the two
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electrodes. The crystal is typically placed so that the current path is along the b-axis where 

there is strong n-n overlap. The rubrene crystal is electrostatically bonded to the surface of 

the metallic electrodes providing that both surfaces are clean. Patterned e-beam assisted 

deposition was later employed to secure the organic crystal across the gap, as shown in figure 

5.13. This ensures that a direct contact is made between the organic material and the 

electrodes.

^____
Rubrene Crystal

____ ^
Metal

500nm Si02

Silicon, N/Phos, 1-10Q-an,<100>

Seed laver

Figure 5.12: Schematic of lateral metal/ruhrene-cry.stal/metal structure

Figure 5.13: SEM image of metallic electrodes after FIB milling of gaps

In order to initiate the investigation of electronic transport through the AA-PVT grown 

rubrene crystals, gold (60nm) electrodes were fabricated by thermal evaporated on top of a 

thin titanium seed layer using the BOC Edwards Auto 500 system. A 280 nm gap was created 

using FIB milling and broken rubrene crystal was used to bridge the gap as shown in figure 

5.14. Platinum wires were deposited on the edge to further secure the crystal. This 

occasionally done to limit the movement of the crystal at extremely high voltages or when 

measured at low temperatures in a high vacuum cavity.
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Figure 5.14: SEM image of ruhrene crystal across a 280 nm gap of Au electrodes

The rubrene sample with Au electrodes was later measured at different temperatures 

down to 70 K in the Janis R-T setup at zero magnetic field. Current vs. voltage curves shown 

in figure 5.15 were acquired at temperatures ranging from 70-290 K with a maximum bias of 

IV. The additional I-V measurement displayed in the inset was performed at 70 K with a 

maximum bias of 10 V. Most of the measurements were performed up to I V due to concerns 

of overheating in the crystal which was observed for a series of earlier samples not shown 

here. The observed symmetric I-V curves may reflect on the symmetry of the contact 

interface at the electrodes. Due to the transparency of the electrodes, the curves exhibit linear 

properties at sub-volt biases but as shown in the inset at higher biases the curve quickly 

becomes non-linear. Semiconducting properties arc afso visible with the increase in resistance 

as the temperature is lowered as shown in figure 5.16. The rapid change in resistance range 

from approximately 1.5 MO to 28.7 Mf2 as the temperature is scaled from 290 K to 70 K, 

respectively. Magneto-transport measurements were also performed on the sample with 

magnetic fields up to 5 T and no magnetoresistance was observed at low or high biases.
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Figure 5.75; I-V curves of lateral Au/Rubrene/Au structure at various temperatures. Inset:
I-Vat 70Kto 10 V.

Figure 5.16: Resistance vs. temperature curve of lateral Au/Ruhrene/Au structure at IV bias

To investigate magneto-transport in these rubrene crystals, additional samples were 

fabricated with NiFe electrodes. The NiFe electrodes were fabricated by UV lithography and 

DC magnetron sputtering from a Ni8oFe2o target using the Shamrock system. The NiFe alloy 

was chosen as an adequate contacting material due to the relatively slow oxidization rate of 

nickel. This would increase the probability of having a clean contact interface since the 

electrodes would be exposed to air during the fabrication process. The focused ion beam
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milled gap was determined to be approximately 300 nm and further strapped by Pt wires on 

each side of the crystal as shown in the figure 5.17.

Rubren

hit
Figure 5.17: SEM image of Ruhrene crystal across a 300 nm gap ofNiFe electrodes

The Janis R-T measurement system was used investigate the electronic transport 

characteristic of the lateral NiFe/rubrene/NiFe structure at temperatures ranging from 70 K to 

290 K. The symmetric 1-V curves shown in figure 5.18, exhibit ohmic characteristics in the 

low bias regime which is an indication of the low barrier height at the interface. The 

nonlinear I-V curve shown in the inset was performed up to a 10 V bias at 70K. As expected 

the temperature dependent curves exhibit a semiconducting behaviour. The resistance vs. 

temperature curve in figure 5.19 was extracted with a 1 V applied bias and further illustrates 

a strong increase in resistance with the lowering of the temperature. The electronic transport 

characteristics between the rubrene samples with NiFe and An electrodes are similar. This 

highlights the fact that the contact interface of the NiFe electrodes did not have a significant 

inlluence in carrier injection. Initial observation of the An and NiFe sample, revealed that the 

measured contact resistance of vary from sample to sample especially at low temperatures. 

One possible reason for this is that the contact areas between samples arc not identical. This 

is one of the inherent challenges of fabricating identical devices with different types of 

electrodes since no two rubrene crystals share identical dimensions or surfaces.
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Figure 5.18: FV curves of lateral NiFe/Rubrene/NiFe structure at various temperatures.
Inset: FV at 70 K to 10 V.

Figure 5.19: Resistance vs. temperature curve of lateral NiFe/Ruhrene/NiFe structure at I V
bias.

Figure 5.20 illustrates an approximate fit of the conductivity vs. temperature curve of this 

NiFe/Rubrene/NiFe structure using the variable range hopping (VRH) conductivity model. 

The general form of the VRFl conductivity is given as [12, 13]

cr{7') = (7q exp ^ M
(5.1)
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where cq is a pre-exponential factor and Tm is the temperature coefficient. The nature of the 

hopping process is denoted in the exponent s and in this system was determined to be Vi 

(Efros-Shklovskii Law) [13|. This fit highlights the exponential temperature dependence of 

the conductivity of these semiconducting rubrene crystals where a gap is located at the Fermi 

level.
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Figure 5.20: Conductivity (a) V5. temperature (K) curve of lateral NiFe/Ruhrene/NiFe
structure.

Magneto-transport measurements were also performed up to 5 T at versus temperatures 

using the Janis system. Figure 5.21 shows a magnetoresistance measurement of the lateral 

NiFe/rubrene/NiFc structure at 80 K with a 10 V bias. Due to the symmetry of the electrodes, 

no independent switching was observed at different fields. The overall magnetoresistance 

effect was linear in nature and did not appear to saturate even up to 5 T. This is unexpected 

due to the fact that the coercive field of NiFe known to be only a few milli-tesla. The 

magnitude of the magnetoresistance was approximately 2.4%. An anomalous asymmetric 

spike can be seen at field less than 1 T. It is not clear whether or not this effect mainly due to 

defects in the rubrene crystal, the rubrene/NiFe interface or the NiFe electrodes altered by 

gallium ion milling. Magnetoresistance measures were also perfomed at 70 K with 1 V bias 

as shown in figure 5.22. As expected the magnitude of the magnetoesistance increases to 4%. 

The anomalous asymmetric spike can also be seen at low magnetic fields.
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Magnetic Field (T)

Figure 5.21: Resistance vs. magnetic field (T) of lateral NiFe/Rubrene/NiFe structure at 80K.

Magnetic Field (T)

Figure 5.22: Resistance w. magnetic field (T) of lateral NiFe/Rubrene/NiFe structure at 70K.

In order to obtain some perspective on the magnetoresistive effect that occurs in these 

rubrene/NiFe samples, the magnetoresistance curves performed at different temperatures 

were overlaid on top of each other on single graph as shown in figure 5.23. It can be observed 

that the magnetoresistance is significantly reduced with an increase in temperature. The
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largest change of magnetoresistance occurs above -500 mT. The slope of the 

magnetoresistance appears to increase as the temperature is reduced. Figure 5.24 further 

illustrates the drastic reduction in magnetoresistance with increasing temperature. The 

magnetoresistance seems to disappear around 280 K.

Figure 5.23: Resistance V5. magnetic field (T) curves of lateral NiFe/Ruhrene/NiFe structure
at different temperatures.

Figure 5.24: Magnetoresistance vs. temperature curve of lateral NiFe/Ruhrene/NiFe
structure at IV bias.
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Although most of the NiFe/Rubrene/NiFe samples exhibited electronic response similar 

to the one shown above, there were a few of them that showed a strong non-linear response at 

low bias voltages. Figure 5.25 is a SEM image of one of those lateral devices with a 273 nm 

separation between the two NiFe electrodes made by FIB milling. The rubrene crystal used in 

this case was less than 180 nm thick. It can be seen that on the lower-right corner of the 

image the crystal was able to bend. This deformation was eaused by the heat dissipated by the 

electron beam during the imaging proeess.

Rubrene

NiFe

f -Beam FWDl 03/15A» ’ Spot | Mag Tilt 
SOOkV 4822 14 50 36 : 3 isSOkX 520

Figure 5.25: SEM image of lateral NiFe/Ruhreue/NiFe structure with a 273 nm gap.

Unlike the rubrene devices above, this sample was measured using the Quantum Design 

FFMS measurement system. I-V curves shown in figure 5.26 were measured from lOK to 

300 K at 10 K increments. The curves exhibit strong non-linear characteristics at relatively 

low biases. The observed temperature dependenee appears to alter the transport 

characteristics through the crystal as highlighted in figure 5.27. The logarithmic plot shows a 

transition from the ohmie regime to the space charge limited eurrent (SCLC) regime 

especially at temperatures below 155 K. At temperatures ranging from 155 K to 300 K, the I- 

V curves resemble the characteristics of two back-to-back Schottky diodes in series. This 

type of behaviour was previously observed in rubrene based lateral devices with Ni, Co, Ft, 

Au, and Cu electrodes [14, 15). Those devices were fabricated by e-beam lithography, e- 

beam evaporation and lamination. The observed I-V characteristics of those devices were 

believed to be dominated mainly by the contact interface than the organic channel.
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Figure 5.26: 1-V curves of lateral NlFe/Ruhrene/NiFe structure at various temperatures.

Figure 5.27: Logarithmic FV curves of lateral NiFe/Ruhrene/NiFe structure at various
temperatures.

Initial analysis of the measured I-V curves enabled the extraction of logarithmic 

conductance with respect to the inverse temperature at 2 V is shown in figure 5.28. The 

activation energy at higher temperature with a I V bias was obtained from the linear fit of 

this curve and was determined to be 0.341eV. The resistance vs. temperature curve shown in 

the inset, appears to have two thermally activated transport regimes. Between 230 K and 

300K, the change in resistance was incremental and was on the order of MQ. Below 230 K a 

rapid increase in resistance was observed but rate of increase eventually slowed below 155 K.
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Figure 5.28: logarithmic conductivity (a) V5. inverse temperature (K) curve of lateral 
NiFe/Rubrene/NiFe structure. Inset: Resistance vs. temperature curve.

In order to get a better understanding of the thermally activated transport properties of 

this device, differential conductance analysis was performed at four different temperatures as 

shown in figure 5.29. At 300 K, the differential conductance (dl/dV) of the electronic 

response exhibits a maximum peak at zero bias. This behaviour is typically related to the bias 

dependence of the contact resistance at the interface [ 14|. Figure 5.29b shows a similar 

behaviour in the differential conductance curve at 230 K but there appears to be an imbalance 

in the contact resistance at higher bias voltages. As the temperature is reduced further to 155 

K, the effect of the bias induced barrier lowering is minimized as seen in figure 5.29c. 

Interestingly, the barrier height appears to have increased and the contact resistance is 

relatively symmetric in both forward and reverse bias conditions. Further reduction in 

temperature shows a significant increase in the barrier height and a disappearance of all 

contact resistance effects. This can be seen in figure 5.29d at 10 K. Magneto-transport 

measurements were also performed on this sample but no magnetoresistance was observed.
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Figure 5.29: Differential Conductance/FV curves of NiFe/Ruhrene/NiFe structure at various 
temperatures a) 300K h) 230K c) I55K d) lOK.

As menlioned above, the observed 1-V curve at 300K shares the same electronic 

properties of two back-to-back Schottky diodes which is typically expressed as 116|:

/(V) = /„ tanh eV
2nkT

(5.2)

where Iq is the a constant independent of applied voltage and n is the ideality factor. While 

the expre.ssion for current through a single Schottky diode is denoted as

/(V) = /o
f

,nkT -I (5.3)

Earlier attempts to fit curves obtained from rubrene based lateral Junctions with equations 5.1 

and 5.2 were successful at low biases but at higher biases the fit was not possible [14, 15]. 

This result implies that the bias voltage and temperature is playing a more significant role 

than expressed by the conventional Schottky diode theory which is based on transparent
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interfaces. In this case, a thin native oxide layer is present on the surface of the NiFe 

electrode. The existence of a barrier layer between the rubrene erystal and NiFe eleetrode 

would result in weak coupling between the two materials and increase the contact resistance.

The difference in carrier injection between the two rubrene based devices with NiFe 

electrodes discussed above prompts the investigation of devices with CoFe electrodes. In that 

ca.se the contact interface is expected to be significantly altered due to the well known rapid 

oxidation of cobalt when exposed to air over a prolonged period of time. Figure 5.30 shows 

the SEM image of a rubrene crystal across the 203 nm gap of CoFe electrodes. The CoFe 

electrodes were DC sputtered from a CogoFcio target using the Shamrock deposition system. 

IJV lithography and focused ion beam milling was used to defined the electrodes. The 

rubrene crystal in this case is significantly thicker than the crystal used in the previous device. 

Since the contact interface plays a primary role in the transport characteristics it is not 

entirely certain what intluence the thickness of the crystal will have on transport.

\
Rubrene

CoFe

Figure 5.30: SEM image of CoFe/Rubrene/CoFe structure with a 203 nm separation between
the CoFe electrodes.

Electronic transport measurements on the CoFe/rubrene/CoEe device were performed 

using the Quantum Designed PPMS system as described above. The extracted I-V curves at 

temperatures ranging from 10 K to 300K can be seen in figure 5.31 with the logarithmic 

curves shown in the inset. The curves are strongly non-linear in nature especially at low 

temperatures. This illustrates that the injection of carriers into the organic channel is being 

inhibited by an energy barrier at the interface. In comparison to the transport characteristics 

observed in Au and NiFe based devices, it appears that the excessive oxidation of the CoFe 

electrode along with the work function contribute to limit the amount of injected carriers. The 

semiconductor properties of the rubrene crystal cause an increase in the barrier height at
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lower tempcraliires. The symmetric I-V curve at 10 K exhibits an increase in threshold 

voltage due to the barrier height increase at the interface. The logarithmic plot also shows the 

clear transition to the SCLC transport through the crystal which in this case required a much 

larger bias voltage compared other devices.

Voltage(V)

Figure 5.31: I-V curves of lateral CoFe/Ruhrene/CoFe structure at various temperatures.
Inset: Logarithmic I-V curves.

The extracted logarithmic conductivity vs. inverse temperature plot of the rubrene 

structure with CoFe electrodes is shown in figure 5.32 along with the resistance vs. 

temperature at 5V in the inset. As expected the logarithmic plot has been fitted to extract the 

steeps activation energy which is estimated to be 0.()087eV at high temperatures with a I V 

bias. Examining the resistance vs. temperature curve, it is apparent that the resistance change 

over the entire temperature range is relatively small compared to the other devices. This 

could be primarily due the bulk properties of this particularly thick crystal rather than the 

properties of the contact interface. The magnitude of the measured resistance is within the 

range of numerous previously measured devices. It is not definitive at this moment if whether 

or not thick rubrene crystals are less temperature sensitive oppose to thin rubrene crystals 

since reproducing identical devices or altering a single dimension is almost impossible. 

Magneto-transport measurements were also attempted up to 5T but showed no significant 

effect greater than approximately 1%.
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Figure 5.32: Logarithmic conductivity (a) vs. inverse temperature (K) curve of lateral 
CoFe/Ruhrene/CoFe structure. Inset: Resistance y5. temperature curve.

Based on the results obtained from the CoFe/Rubrene/CoFe structure with a native oxide 

barrier at the interfaces, the question was raised as to whether or not the oxide layer is acting 

as a tunnel barrier or simply an energy barrier for injected carriers. To further investigate this 

question, an additional 60 nm of CoFe films were grown by DC sputtering and immediately 

capped with 2 nm of AlOx which was grown by RF sputtering. Both films were grown using 

the Shamrock sputtering system without breaking vacuum. UV lithography and focused ion 

beam milling is used to define the AlOx/CoFe electrodes with a 280 nm separation between 

them. Figure 5.33 shows the final structure with the crystal on top.

Rubrene

AlOx/CoFe
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Figure 5.33: SEM image of lateral CoFe/AlO f Rubrene/AlO JCoFe structure with a 280nm
separation between the electrodes.

137



The Quantum Design PPMS measurement system was used to obtain the characteristic I- 

V curves at temperatures ranging from 10 K to 300 K for the CoFe/AIOx/Rubrene/AlOx/CoFe 

structure. The slightly asymmetric I-V curves displayed in figure 5.34 exhibits some 

interesting characteristics. At higher temperatures the I-V curves possess two distinct 

transport properties. When the bias voltage is less than 0.5V, the transport mechanism 

appears to be tunnelling through the AlOx barrier. As the bias voltage increases, the rate of 

increase in the measured current gradually increases at slower rate reflecting on the bulk 

transport properties.

Figure 5.34: I-V curves of lateral CoFe/AlO/Ruhrene/AlOyCoFe structure at various
temperatures.

The logarithmic plot shown in figure 5.35 illustrates the temperature dependent transport 

properties in the bulk crystal. Transition from the tunnelling region to the SCLC region can 

be seen at different temperatures. Interestingly, the slope of each curve also varies with 

temperature when at higher voltages. Figure 5.36 shows the logarithmic conductivity vs. 

inverse temperature with linear fits to extract the thermal activation energies. The thermal 

activation energy at higher temperatures with a 1 V bias was determined to be 0.0882eV. The 

resistance vs. temperature curve taken with a 3 V bias is also shown in the inset. Strong 

semiconductor behaviour can also be seen in both curves. Noticeably, at high temperatures 

where the role of the AlOx tunnel barrier is apparent, the change in resistance is minute in 

comparison to the regions where the effect of the AlOx tunnel barrier is diminished. Magneto-
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transport measurements were also attempted at both high and low temperatures but no 

magnetoresistance effects were observed greater than 1%.

Figure 5.35: luygarithmic I-V curves of lateral CoFe/AlO/Rubrene/AlO/CoFe structure at
various temperatures.
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Figure 5.36: Logarithmic conductivity (a) inverse temperature (K) curve of 
CoFe/AlOfRubrene/AlO/CoFe structure. Inset: Resistance temperature curve.
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To get some additional insight on the thermally activated transport properties associated 

with this device, differential conductance analysis were performed at four different 

temperatures as shown in figure 5.37. At room temperature (figure 5.37a), the I-V curve 

exhibit the characteristic tunnelling properties at low biases. While the normalized 

differential conductance curve shows the distinctive dip at zero bias. As the temperature is 

reduced to 230 K, the effect of the tunnel barrier is reduced. A reduction in the size of the dip 

at zero bias is also shown in figure 5.37b. Figure 5.37c shows a slightly linear I-V curve at 

210 K while the dip in the differential conductance can barely be seen in the signal which 

illustrates that the energy barrier has become larger than the AlOx barrier height. In this case, 

the injected carriers overcome the AlOx barrier and access the LUMO level to facilitate 

conduction. At 10 K (figure 5.37d), the energy barrier height becomes increasingly larger due 

to the semiconducting properties of the crystal and the non-linearity of the curve becomes 

even more apparent.
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Figure 5.37: Normalized Differential Conductance/I-V curves of 
CoPWAlO/Rubrene/AlO/CoFe structure at various temperatures a) 300K h) 230K c) 210K

d) lOK.
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Comparing the electronic transport behaviour of the rubrene devices with CoFe and 

AlOx/CoFe electrode, it can be seen that their responses are significantly different, illustrating 

that electron transport through an AlOx barrier and a native oxide barrier are not equivalent 

especially when interfacing with an organic semiconductor. The room temperature I-V 

characteristic of the rubrene device with AlOx/CoFe electrodes resembles the response of a 

previously reported double barrier magnetic tunnel junction [17], Although the tunnel barrier 

in that case was MgO, the configuration is somewhat similar with symmetric tunnel barriers 

at the metal interface. It is also evident that at low temperatures the energy barrier created due 

to the impedance mismatch between the metal and the semiconductor dominates transport 

whether or not the AlOx barrier is present. Table 5.1 shows a summary of the critical 

parameters associated with rubrene-based devices contacted by different electrodes.

Electrode Gap (um) Height

(pm)

Width

(pm)

R,, (kO-

cm)

R(Mf2) @

70 K

Ea (eV) Type

All 0.28 18 1.5 1.4 28.7 0.022 Ohmic

Ni8(iEe2() 0.30 45 3.0 3.1 3.1 0.011 Ohmic

b'>8()Fe2() 0.27 10 1.0 1.9 3000 0.341 Schottky

Cot)(|Eeio 0.20 40 4.0 24 20 0.0087 Non-linear

0.28 20 1.0 11 120 0.0882 Tunnelling

Table 5.1: Summary’ of critical parameters associated with rubrene-based devices with
different electrodes.

5.4 Single-Crystal Rubrene Field Effect Transistors (FETs)

The creation of single crystal organic field effect transistors enables the investigation of 

charge transport in a highly ordered molecular system with an induced electric field. In the 

case of rubrene single-crystal FETs, device behaviour has been charaeterized in the literature 

as p-type in nature with a unipolar trait [18, 19, 20]. There have also been a series 

photoconductivity measurements that indicate that ambipolar transport is possible in rubrene 

crystals with the existence of both electron and hole mobility [21, 22|. More recently, 

ambipolar transport in rubrene-based FETs was reported in a system where 

polymethylmethacrylate (PMMA) was used as a gate dielectric [23]. Takenobu et. al stated 

that the PMMA dielectric layer serves to reduce the trapping of electrons al the 

crystal/dielectric interface. Experimentally, one of the biggest challenges for obtaining

141



reproducible FET operation is the optimization of the contact resistance at the organic 

interface. The various issues associated with transport abnormalities due to interface effects 

have been explored above.

A major building block of standard logic and memory devices has been known to be 

metal-oxide-semiconductor field-effect transistors (MOSFETs). Carrier transport in these 

devices is predominantly of one polarity depending on the type of dopant in the channel. A 

typical structure has three terminals: gate, drain and source. The behaviour of conventional 

MOSFET devices can best be described as two back-to-back p-n junction diodes with 

relatively low leakage currents. When a large bias is applied to the gate, this would initiate 

the inversion of the channel surface forming a conduction path between the source and drain 

terminals. Current will follow between the source and drain terminals if there is a voltage 

difference between the two terminals. This makes the basic operation of the MOSFET device 

resemble that of a switch.

The charge-sheet approximation for expressing the I-V characteristics of the MOSFET 

derived by Brews et. al. has been used since 1978 [24]. Sinee then the original equation has 

been simplified to some degree to highlight the key contributors |25|. The basic expression 

for describing the drain current (/j.,) of the MOSFET in the linear region has been derived as 

follows

W
Ks - Ueff^ox J V f: (5.4)

where the jUeff '\s the effective mobility and C„x is the oxide capacitance. The width and length 

of the .semieondueting channel is denoted of W and E respectively. The gate voltage (Vj,) and 

the voltage in the across the source/drain terminals (Ej,) are also represented. The threshold 

voltage (V,) is often described as the approximate gate voltage that allows for significant 

conduction in the channel due to the overcoming of the surface and built in potential of the 

system. When the saturation region is reached at large drain voltages, the drain current is 

approximated as

{5.5)

where m is the body-effect coefficient.
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To study the performance of rubrene based field effect transistors, rubrene crystals were 

grown by PVT without any adsorbent material. The temperature in the furnace was 

maintained at 270 °C for 10 hours and 280 °C for another 10 hours with the constant flow of 

argon gas. With this recipe, large millimetre size crystals were grown on the walls of the 

quartz tube. The crystals were gently removed from the walls of the quartz, tube without 

crushing them and stored in a dry place.

Using a silicon-on-insulator (SOI) membrane, asymmetric patterns were milled through a 

250 nm thick lOOxIOOpm^ silicon window by means of focused Ga^ ion beam to create a 

reusable shadow mask. The Ag(5nm)/Co(40nm)/Cr(10nm) source/drain electrodes for the 

rubrene transistor was e-beam evaporated through the shadow mask on top of a 1pm thick 

Si02 coated highly doped p-type silicon substrate. UV lithography was then used to define 

the contact pad areas while protecting the gap between the two electrodes. E-bcam 

evaporation was then used to deposit 80 nm thick Ag layer. The sample was submerged in 

acetone to remove any remaining resist and reveal the active are between the source/drain 

electrodes. After blow drying the sample, it was placed into the Shamrock deposition 

chamber where Ar-i- ion etching was used to remove the 5 nm Ag capping layer on top of the 

Co layer. Without breaking vacuum, a 1.5 nm MgO tunnel barrier was RF sputtered from a 

single target onto the top surface of the Co layer. After the removal of the sample from the 

chamber, a single rubrene crystal is used to bridge the gap between the two electrodes via a 

probe tip. Cross sectional and top view schematic of the final structure with rubrene crystal is 

illustrated in figure 5.38, while figure 5.39 shows the SEM image of the asymmetric 

electrodes prior to the placement of the rubrene crystal across the approximately I pm gap.

a) b)

Crystal

Figure 5.38: Schematic of rubrene crystal FET on MgO/Co source/drain electrodes a) Cross-
sectional view h) Top-view.
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Figure 5.39: SEM image of lateral Co/MgO/Rubrene/MgO/Co with a Ifiin gap.

The sample was electrically characterized using a Karl Suss probe station outfitted with 

two Keithley 2400 source meters, Keithley 2000 muli-meter and a low noise current amplifier. 

A series of drain current (Ids) vs. drain voltage (Vds) curves were measured at different gate 

voltages (Vg) as shown figures 5.40 and 5.41. The I-V characteristic of the 

Co/MgO/Rubrene/MgO/Co structure exhibit a strong non-linear asymmetric behaviour at 

various bias voltages on the gate electrodes. The electric field dependence on the electronic 

transport through rubrcnc crystal can clearly be seen in figure 5.41 with almost hysteresis 

effects. It appears that the MgO barrier strongly inlluence the initial tunnelling properties. No 

magneto-transport effects were observed for this device.

Figure 5.40: Drain current V5. drain voltage curves at different gate voltage biases of lateral
Co/MgO/Rubrene/MgO/Co structure.
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Figure 5.41: A magnified view of the Drain current drain voltage curves at different gate 
voltage biases of lateral Co/MgO/Ruhrene/MgO/Co structure.

Based on the above experiment where the rubrene crystal was contacted on the bottom 

surface with a thin MgO barrier at the interface, additional experiments were conducted with 

a top contact on the crystal. The purpose for fabricating this device was to gain a better 

understanding of the role that contact interface plays in these rubrene field effect transistors. 

In this case, millimetre scale rubrene crystals were grown by PVT with growth furnace 

temperature maintained at 270°C for 10 hours and 275°C for 10 hours. After growth, the 

crystal was placed on the top surface of the 1 pm thick Si02 coated highly doped p-type 

silicon substrate. Using the Karl Suss probe station, two tungsten (W) probe tips were gently 

placed on the top surface of the crystal leaving approximately 30 pm separation between 

them. Verifying that the crystal is completely Hat on the Si02 surface, each tungsten tip with 

a radius of 5pm were placed on the crystal surface applying a small amount of force without 

breaking the crystal. This small force ensured that the contact interface between the electrode 

and the crystal is of high quality since any significant amount of native oxide would be 

removed mechanically in the contact process. Prior to placing the sample of the metallic 

chuck of the probe station, a diamond scribe along with a drop of silver paste was used to 

make good electrical contact for the gate electrode. A schematic of the final structure is 

shown in figure 5.42.
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Figure 5.42: Schematic of ruhrene crystal FET with tungsten source/drain electrodes and
Si02 gate dielectric.

Figures 5.43a and 5.43b shows the output characteristics of the transistor device where 

drain current vs. drain voltage curves were measured at different gate voltages. The observed 

transport properties resemble that of an ambipolar device with strong asymmetry depending 

on the sign of the applied drain voltage. The electrical response also indicates the presence of 

a good Schottky contact between the tungsten tip and the organic crystal. Strong electric field 

dependence is apparent especially at high gate voltages as seen in a magnified view of the 

negative bias region. Closer examination of the curves within this region reveals typical field 

effect behaviour with some hysteresis. Interestingly, there appears to be offset in current at 

zero drain voltage which implies that could be some trapped charges present in the crystal or 

at the contact interface. At gate voltages between -50V and -200V within the negative drain 

bias region, the drain current initially shows a linear response and as the electric field is 

increased the rate of increase in current is reduced. The initial response for the drain current 

when the gate voltage is zero shows a strong non-linear behaviour. Although the magnitude 

of the measured drain current is the highest in both the positive and negative drain voltage 

regions when the gate bias is at its most negative potential (-200V). This implies that the 

negative potential on the highly doped p-type gate induces a significant build up of charge on 

the surface of the crystal which has enhanced the ambipolar transport across the source/drain 

electrodes. The tungsten electrodes appear to facilitate the injection of electrons and holes in 

the LUMO and HOMO levels regardless of energy barriers at the interface.
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Figure 5.43: Drain current vs. drain voltage curves at different gate voltage biases of 
ruhrene crystal with tungsten electrodes on Si02 gate dielectric, a) Asymmetric curves b) 

Magnified view of the negative bias region of the curves.

The transfer characteristics of the rubene FET with tungsten source/drain electrodes is 

shown in figures 5.44a and 5.44b. The figures show the drain current vs. gate voltage at 

different drain voltage biases. In this configuration the ambipolar transport is increasingly 

apparent with some hysteretic effects generated on the upward and downward sweep of the 

gate voltage. Figure 5.44b shows a magnified view of the drain current with negative gate 

and drain bias voltages. The ob.served field dependent response exhibited the general 

behaviour of a hole transporting system. Unexpectedly, the observed drain current response 

when the drain bias voltage is significantly increased to yield positive potentials (50 - 200 V) 

is increased. Since the drain current does not pass through the origin, it is implied that the 

charge generated on the crystal surface from the applied voltage across the channel has 

induced an offset potential as seen in figure 5.44a.

147



Figure 5.44: Drain current vs. gate voltage curves at different drain voltage biases of 
rubrene crystal with tungsten electrodes on Si()2 gate dielectric, a) Asymmetric curves b) 

Magnified view of the negative bias region of the curves.

The ambipolar response observed in the above rubrene transistor device with tungsten 

electrodes is believed to be enhanced by the significant build up of charge at the crystal 

interface and the SiCT dielectric layer. This initiated the investigation into whether or not the 

surface charge effects on the crystal interface would be altered if the dielectric material was 

modified using a PMMA layer. Figure 5.45 shows the modified rubrene based FET with 

tungsten source/drain electrodes. This transistor was fabricated similarly to the device 

described above except that prior to placing the rubrene crystal, a layer of PMMA was spin 

coated onto the Si02 surface at 5000 rpm for 45 seconds and then heated on a hotplate at 

165°C for 30 minutes. The resulting compact polymeric PMMA film was estimated to be 

approximately 500 nm thick. A similar rubrene crystal grown by the same process was gently 

placed on the surface of the PMMA layer. The Karl Suss probe station with the two tungsten 

probe tips which were used to make contact to the top surface of the crystal with 30 pm 

channel separation is shown in figure 5.45.
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Figure 5.45: Schematic of rubrene crystal FET with tungsten source/drain electrodes and

PMMA/Si02 gate dielectric.

Although the gate dielectric was modified, the transport properties are very similar to 

what was observed for the previous transistor device. The drain eurrent vs. drain voltage 

response at various gate voltage biases exhibits an ambipolar behaviour as seen in figure 5.46. 

Significant electric field dependent transport ean be seen with both positive and negative 

voltage potentials on the gate eleetrode. Interestingly, the energy barrier height at the crystal 

and tungsten interface seems to have increased since the turn on voltage for both hole and 

electron transport has increased. Overall, the PMIVIA/Si02 gate dielectric did not seem to 

enhance or suppress the ambipolar behaviour off the output characteristic by inOuencing the 

accumulated charge on the crystal surface.

Figure 5.46: Drain current v.^. drain voltage curves at different gate voltage biases of 
rubrene crystal with tungsten electrodes on PMMA/Si02 gate dielectric.
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Figure 5.47 shows the transfer eharacteristics of this riibrene based structure with the 

PMMA/SiO? gate dielectric. The transport response of the drain current vs. gate voltage 

curves at various drain voltages, exhibits strong field dependence as well as significant 

hysteresis effects when the gate voltage is swept from positive to negative bias potential and 

vice versa. As the magnitude of the bias potential on the gate is magnified, the hysteresis 

becomes even larger. The entire set of measured electrical response appears to have a positive 

offset potential. Based on the significant increase in hysteresis effects as well as offset 

potential, it is assumed that a large number of trapped charges are present in the device.

These trapped charges are most likely accumulated at the interface of the crystal and the 

PMMA dielectric.

Figure 5.47: Drain current vs. gate voltage curves at different drain voltage biases of 
rubrene crystal with tungsten electrodes on PMMA/Si02 gate dielectric.

These investigations into the performance of these rubrene single crystal FETs fabricated 

by incorporating several basic techniques give some insight into the critical issues limiting 

progress in this vibrant field. The contact interface at the semiconducting crystal was seen to 

influence the efficient injection of carriers in the channel. The ambipolar transport 

characteristic was clearly evident in these rubrene transistors regardless of device 

configuration. The existence of accumulated charges on the surface of the crystal and at the 

interface with the dielectric clearly affects the reproducibility of the transport characteristics 

with an induced electric field.
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Chapter 6
Cso Nanorods

6.1 Introduction

The discovery of the Cfeo molecule in 1985 facilitated a long series of vibrant 

investigations into its novel physical and chemical properties [1,2], This new and unexpected 

form of carbon revealed a highly symmetric conjugated tr-system with n-type 

semieonducting features that has proven to be very useful organic transistors [3,4,5]. So far, 

both the face-centered cubic (fee) and hexagonal close packed (hep) crystal structures have 

been studied extensively. The Cgo molecular structure shown in figure 6.la is commonly 

referred to as a truncated icosohedron which belongs to the fullerene family and easily stack 

in a hexagonal structure. It has been shown that Ceo molecules in the fee lattice are linked by 

weak Van der Waals forces and exhibit semiconductor properties which contributes to the 

high electron mobility [3,5].

Various techniques such as doping have been used to alter the C^o molecule in order to 

improve its transport and magnetic properties [3,6,7]. This cage-like carbon structure (figure 

6. la) has the capacity to trap atoms and various molecules inside while maintaining its outer 

shell. The best known of this elass of material is CgoK, where the donor potassium impurity 

atom is embedded within a C60 fee lattice [3[. Over the past several years, tremendous work 

has been done with C(,o thin films that have been incorporated into transistors, diodes, OLEDs 

and solar cells [8]. Most of those films were grown by thermal evaporation achieving high 

purity with reproducible characteristics. In more recent times, nanoscale Ceo tubes, rods, 

ribbons, and even whiskers have be created using various chemical processes for novel 

applications [9]. For example, the syntheses of sub-micron Ceo tubes and whiskers were 

performed by Miyazawa et. al. using the liquid/liquid interfacial precipitation (FLIP) method 

[10,1 1,12]. Subsequently, the method was modified by the incorporation of illumination to 

promote the growth of needle-like crystals. Although this method is somewhat reproducible, 

the process takes approximately a week. In 2006, Jin et. al. reported a fast one step technique 

for fabricating high purity single crystal Cao rods with nanoscale dimensions [13].
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6.2 Fabrication of C(,o Nanorods

The procedure for fabricating these nanorods is based on the following three ingredients 

obtain from Sigma Aldrich: 99.5% Ceo powder, toluene (HPLC grade) and Isopropyl alcohol 

(IPA). A mixture of 0.3 wt.% C6(/tolucne was created by simply stirring the C60 powder into 

toluene solvent at room temperature. A syringe is then used to slowly drop the so the 

Cfto/toluenc solution into a few milliters of IPA. An indication that the crystal forming 

reaction is taking place is that the solution will immediately turn brown and a cluster of 

particles will settle on the top surface. After the completion of the process which takes 

approximately 2 minutes, the entire solution was stored at room temperature for use in the 

future.

The SEM and HRTEM samples were prepared by using a syringe to deposit a few drops 

of Ceo rods/IPA/toluene solution on the surface of the silicon wafers and the carbon coated 

grids. The solvents would eventually evaporate over a period of time at room temperature 

leaving the Ceo rods on the surface. Prior to dropping the solution on the surface, the solution 

was sonicated for approximately 2-3 minutes in order to break up some existing clusters. 

Eigure 6. lb shows the SEM image of a single C6o rod on a silicon substrate using an electron 

beam energy of 5 keV. This C6o rod is representative of scores of rods that typically arrange 

parallel to the plane of the substrate. The lengths of the rods range from 2-10 um while the 

diameters range 100-900 nm. In comparison to a single C6o molecule which is approximately 

1 nm in diameter, it is somewhat surprising that the preferred growth is rod-like with a sub

micron limitation on the diameter. The Ceo molecules stack in a hexagonal formation along 

the length of the rod. Although the uniformity of the rods is of high quality, occasionally 

nanoscale carbon-based debris from the original solution can be observed in proximity to the 

rods (not shown here). Eurther observation of the SEM image reveals that the tip of the rod is 

slightly pointed with a smooth finish.
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Figure 6.1: a) Schematic C(,o molecular structure b) SEM image of a single C(,o rod on silicon
substrate

Based on the HRTEM images shown in figures 6.2a-d, it can be seen that the Ceo rods 

have a solid core. Each image taken of the rods were taken at different magnifications mainly 

focusing on the body, edge and tip of the rods. The diameter of the rods in view on top of the 

carbon grid, range from 200 - 800 nm along the entire length of the rod and a uniquely 

pristine surface morphology. Closer examination of the high resolution images reveals 

consistent long range atom uniformity which inherently contributes to the structural stability 

of the rods over a long period of time. Fast Fourier transform (EFT) diffraction pattern seen 

in the inset of figure 6.2d were extracted from the Cgo rods proving that rods are purely 

crystalline with hexagonal fee packing. The crystal stacking configuration is similar to that 

which was previously reported by Jin et. al., where the observed lattice fringes corresponds to 

the {11 1} planes which are parallel to the tip edge [13]. The (220) plane is perpendicular to 

the length of the rod while [110] is parallel to the optimum growth direction of the rod which 

is most likely the direction of the least free energy.
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Figure 6.2: TEM images of single crystal C^o rods on carbon grid a) Image of several C(,o 
rods with EFT pattern in the inset, h) Image of segments of C(,o rods at higher magnification 

c) HRTEM Image of the tip of one C^o rod. d) HRTEM Image of the edge of one Coo rod.

6.3 Lateral Coo Nanorod-Based Devices

The fabrication of the first batch of lateral Qo based structures shown in figures 6.3a and 

6.3b were created by using a two step process of UV-lithography and electron-beam assisted 

deposition (EBAD). Initially, the BOC Edwards Auto 500 evaporation system was used to 

deposit 50nm thick gold layer on top of a 5nm thick titanium adhesive layer which is sitting 

on an insulating oxidized silicon substrate. The contact pads were patterned by UV- 

lithography and Ar-i- ion milling. The Cao/IPA/toluene solution was sonicated and dropped on 

the surface of the patterned substrate using a syringe. The solution is then allowed to 

evaporate at room temperature leaving the rods dispersed all over the substrate. The EEI 

Strata Dual Beam system was employed to locate existing rods between two electrodes. In 

the ease where the rods are not located in the desired position, the Kleindeck 

micromanipulator was used move the rods place the rods in the right location. Patterned
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EBAD of platinum was then utilized to contact both ends of the rods to the appropriate ends 

of the gold contacts and as well as just secure the rods on the surface of the gold electrodes.

b)
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Figure 6.3: SEM images of lateral single crystal C^o device a) Im.age of C(,o rods with Ft 
electrodes, b) Image of C(,o rods with An electrodes secured by Pt wire.

Figure 6.4 shows the low temperature transport eharacteristics associated with the Cto 

rods contacted by both gold and platinum electrodes. The resistance measurements were 

performed using the PPMS varying the temperature from 10 to 50 K with the current source 

kept at 5 nA to limit the current density in the rod. In the case of the Qo/Pt device pictured 

above, the Ceo rod was approximately 2.5 pm in length and 400 nm in diameter. In the low 

temperature regime the resistance .seem to scale proportionally with temperature, but below 

15 K the rate of increase in resistance is significantly reduces. In contrast, the C6o rod used in 

the Ceo/Au device was approximately 10 pm in length and 800 nm in diameter as shown 

above. The gap between the two Au electrodes was 4 pm. The resistance also appears to 

increase systematically with temperature, but at 16 K there seems to be an abrupt increase in 

resistance. This could be due to some change in activation energy in the system. Comparing 

both resistance curves, a difference in resistance of an order of 10 can be observed around 

30K. Although their transport behaviours are slightly different, the strong temperature 

dependence cannot be denied.

Band structure calculations show that fee Ceo is a direct band gap semiconductor with a 

gap of 1.5eV [14]. There are narrow valence and conduction bands with a width of almost 

0.4eV derived from the HOMO and LUMO levels of the Ceo molecule. This band structure is
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similar to that found in many other small molecule organic semiconductors such as Alq3 or 

rubrene. The Ceo crystals may behave as intrinsic semiconductors at high temperature [ 15J. 

Around room temperature the activation energy was found to be 0.383cV 116]; this may be 

associated with intcrmolecular hopping of a small concentration of holes (or electrons) 

introduced into the HOMO (or LUMO) bands by defects. These carriers are often thought to 

form polarons in the small-molecule organic semiconductors. At low temperatures, there is 

evidence of diffusion of electrons in Bloch states. The mobility of rubrene decreases with 

increasing temperature, and there is a Drude tail in the infra-red absorption [17]. The weak 

temperature dependence of the resistance in figure 6.4 is a sign of diffusive transport, or else 

of tunnelling through low narrow barriers which may appear at the Cfio contacts. Even with 

gold electrodes, the conductivity of -3x10 S-cm*' in the Ceo nanorods is high in comparison 

to previously reported crystals (~10’^-10^ S-cm ') [ 16].

Figure 6.4: Resistance vs. Temperature of lateral single crystal C(,o devices with Au and Ft
electrodes

The second batch of lateral Ceo structures with CoFe electrodes were fabricated by 

electron beam lithography (EBL) and UV-lithography. Similar to the procedure described 

above, gold contact pads were fabricated by e-beam evaporation, UV-lithography and Ar ^ 

ion milling on an insulating oxidized silicon substrate. The patterned surface is then coated 

with Cfto rods by drop casting. Using the SEM to locate the Cao rods on surface, contact 

electrodes with the aid of alignment marks are virtually drawn to connect the rods to the 

contact pads using the Elphy Quantum Software Tool. This process essentially creates a 

virtual map for e-beam exposures. A bi-layer of MMA and PMMA is then spin coated on the 

surface of the substrate at 5000 rpm for 40 .seconds and 7000 rpm for 40 seconds respectively.
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The MM A lilm was first baked at 165 °C for 4 minutes before spin coating the PMMA which 

was also baked at 175 °C for 25 minutes. The coated substrate is then reloaded into the SEM 

chamber where the pre-designed virtual map is used to provide a patterned e-beam exposure 

on the MMA/PMMA bi-layer using alignment marks. The exposed substrate is then 

submerged into a developer solution to remove all the exposed regions revealing segments of 

the C(,o rod. The sample is then loaded into the Shamrock sputtering system to sputter the 

CoFe electrode with tantalum as a capping layer directly on top of the exposed regions of the 

C60 rod. Prior to metal deposition, the surface is cleaned with high pressure pure argon gas. 

Immediately after deposition, the sample is then placed in acetone to remove all remaining 

polymer from the surface of the substrate. The lateral structures created using this procedure 

yields well defined contacts on the surface of the Cgo rod as shown in figure 6.5. The 

contacted rod used in this device is 5 pm in length and 140 nrn in diameter. The gap between 

each CoFc electrode is approximately 380 nm.

Figure 6.5: SEM images of lateral single crystal Cfo device with CoFe electrodes

The measurements were performed in a sophisticated low temperature cryostat capable 

of achieving 1.8 K and outfitted with a high impedance semiconductor parameter analyzer by 

Dr. Mohamed Abid in Germany. After stabilizing the temperature at 1.8 K, a series of current 

vs. voltage curves were measured at a variety of magnetic fields ranging from 0 to 2.5 Tesla. 

The.se curves are shown in figure 6.6, where a relatively large bias of approximately 17.5 V is 

required to overcome the barrier height and facilitate conduction through this well established 

n-type semiconductor. After surpassing the threshold bias potential, electronic transport 

through the crystal is significantly enhanced especially in the case where there is no applied 

magnetic field. When a magnetic field is applied, the electron How through the conducting
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channel is limited and therefore essentially creating a high resistance state at 2.5T. The 

threshold voltage corresponds to a voltage drop of order 0.1 V across each Cjo-Ceo interface. 

At low voltages, the electrons are expected to tunnel through these barriers but at high 

voltages, the effective barriers become much thinner.

10 15 20

Bias Voltage (V)

Figure 6.6: Current vw. Voltage curves of lateral crystal C^o device with CoFe electrodes
measured at various magnetic fields.

A series of current vs. magnetic field measurements were also performed at different bias 

voltages. The first of this series is shown in figure 6.7 where the measurement was carried out 

with an applied bias of 24 V at 1.8 K. The applied magnetic field was swept from negative to 

positive and vice versa in order to observe any inherent hysteresis or independent magnetic 

switching in the system. Due to the asymmetric dimensions of the CoFe electrodes, they have 

different coercive fields which translate into independent switching with respect to magnetic 

field direction as seen in figures 6.7-6.9. The high resistance state where the current .saturates 

then to occur around 400 mT. The change in current is approximately 92 % with a 24 V 

applied bias and dropped to 84% when a voltage bias of 27 V was applied. Further 

examination revealed that the coercive field appeared to increase slightly with an increase in 

bias voltage. Figure 6.10 shows the bias voltage dependence of the peak magneto-current at 

1.8 K.
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Figure 6.7: Current vs. magnetic field (T) curve of lateral single crystal C^o-CoFe device
with an applied bias of 24 V.

Figure 6.8: Current magnetic field (T) curve of lateral single crystal C(,o-CoFe device
with an applied bias of 25 V.
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Figure 6.9: Current V5. magnetic field (T) curve of lateral single crystal C(,o-CoFe device
with an applied bias of 27 V.

Figure 6.10: Magnetocurrent(%) vs. Bias voltage plot of lateral single crystal C^o-CoFe
device at 1.8 K.

The observed changes in current with respect to the applied magnetic field, highlights 

two distinct current states as the magnetic orientation in the two ferromagnetic electrodes 

switches. The magnetic configuration switches from a parallel to an anti-parallel state 

exhibiting a spin-valve behavior. The spin-valve effect was enabled by the different coercive 

fields possessed of the CoFe electrodes. Due to the naturally occurring barrier height at the 

interface between the C6o and the CoFe electrode that limits the current, a significantly higher 

bias voltage was required to observe the magnetocurrent response. At low temperatures, the
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spin polarization of the CoFe electrodes is increased and therefore translated into enhanced 

spin injection at the interface. The efficient transmission of spin information between the 

metal and the semiconducting material was likely supported by the weak spin orbit coupling 

within the crystalline Ceo nanorods.

The observation of magnetocurrent with CoFe electrodes that seems to be associated 

with a lateral spin-valve effect is very interesting. Although it has only been observed for one 

device, at 1.8 K it suggests that spin polarized transport with a spin diffusion length >0.4pm 

can be observed in crystalline Ce,o. The lack of temperature dependence in the low 

temperature conductivity shows that the transport from molecule to molecule is diffusive, or 

else involves tunneling across small barriers, a process which does not involve spin flip 

.scattering. It will be important to repeat these measurements as a function of temperature and 

electrode separation.
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Chapter 7
Hexathiapentacene (HTP) Crystals and 
Pentacene Thin Films

7.1 Introduction

It has been reported that high charge carrier mobility has been achieved in one

dimensional nanostructures which mainly self-assemble along the 7t-7t stacking direction. This 

stacking preference contributes to the strong intermolecular coupling between neighbouring 

molecules in an highly ordered system 11,2,3]- Oligoacene derivatives with significant %- 

stacking have been incoporated in transistor devices yielding high quality performance for 

electronic transport [4,5|. This is mainly due to the fact that the electronic behavior depend 

heavily molecular packing where n delocalized electrons give ri.se to intermolecular 

conduction. Although most of those achievements have been made possible by organic thin 

films that pos.sess molecular disorder and grain boundaries, it is believed that the performance 

of these molecules can be improved tremendously if crystallized. Since most organic thin 

films are amorphous when deposited by thermal evaporation, novel techniques would have to 

be employed to achieve high levels of crystallinity.

Oligo-acenes such as pentacene are known to possess a high field-effect mobility but are 

vunerable to oxidation when exposed to air when thermally deposited [6,7,8]. In the case 

where pentacene crystals are grown by physical vapor transport, it has been recommended 

that several purification steps are needed prior to vapor transport in order to eliminate 

impurities such as 6,13-dihydropentacene and pentacenequinone which coexist with the 

source material [9]. 6,13-dihydropcntacene is normally formed due to hydrogenation of the 

acene located at the center ring and this process can be further accelerated if the vapor 

transporting gas contains any level of hydrogen. The pentacenequinone impurity tend to 

occur due to the formation of carbonyl groups (C=0) on each side of the center ring of the
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molecule. These impurities have been identified as one of the main limitations in achieving 

superior mobility in these crystals [9,10].

7.2 Hexathiapentacene (HTP) Crystals

Solution based synthesis where crystals are grown in various solvents have been proven 

to be a viable technique for obtaining pure crystals due to targeted chemical reactions 

11 l,12,13|.The synthesis of organic crystals have yielded wires, rods and ribbons with sub

micron diameters. Although some advance have been made towards process control and 

purity, there is still some need for effectively tunning the molecular packing as well as 

maintaining structural stability when exposed to air or solvents commonly used in the 

fabrication of integrated circuits. One promising candidate is hexathiapentacene (HTP), 

which is a molecules that was first reported over 30 years ago and is mainly recognized for its 

low solubility [ 14|. The HTP molecule (figure 7.1) exhibit a molecular electronic structure 

that has the interesting characteristic of having both n-n and S-S interactions. These 

interactions can provide parallel charge transport pathways when assembled in a herringbone 

packing configuration. It has been reported that when a single wire is incorporated in a field 

effect transistor, the carrier mobility is approximately 0.27 cm /V s but when assembled as an 

array of nanowires, the mobility dropped to 0.056 cm /V s [ 15|, In another study, the band 

gap is determined to be 1.63 eV, which turns out to be smaller than the 1.71 to 2.2cV reported 

for pentacene [16,17].

With the help of Dr. Mohamed Abid, the synthesis of HTP was initiated by heating and 

degassing 400mg of both pentacene and sulphur powders in 30mL of 1,2,4-trichlorobenz.ene 

under nitrogen as described in Briseno et. al.[ I5|. The solution was then relluxed for 3 hours 

and immediately filtered to remove any impurities or side products. The remaining product 

was washed with acetone and rinsed in ethanol. The resulting HTP powder was then dried in 

an oven at 70°C. The final stage of the synthesis process requires the boiling of 15 mL of 

benzonitrile with 18 mg of the HTP powder. The solution was then stirred using a magnetic 

stirer until the material was entirely dissolved. To induce adequate crystallization, the 

solution was slowly cooled over a period of several hours. Small drops of methanol was also 

added to the solution in order to further reduce the dimension of the nanowires during the 

crystallization process. Floating nanowires congregate at the surface in a cottonlike state and 

can easily be transferred to a more device friendly organic solvent such as IPA for future use. 

The final HTP product cannot be dissolved at room temperature by most common organic
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solvents; it would have to be reheated and recrystallized at relatively high temperatures in 

solvents such as benzonitrile, nitrobenzene or o-dichlorobenzene. This characteristic can be 

viewed as an advantage since the HTP nanowires cannot easily be modified at room 

temperature which facilitates prolonged molecular stability. A schematic of the original 

pentacene molecule combined with sulphur to the HTP molecule after synthesis is shown in 

figure 7.1.

+ s8

Figure 7.1: Schematic of the molecular structure illustrating the synthesis of the HTP 
molecule via the combination of pentacene and sulphur.

In order to characterize the HTP nanowires, SEM and TEM samples were prepared by 

using a syringe to drop HTP nanowires/IPA solution on the surface of the silicon wafers and 

carbon coated grids. Due to the constant clumping of the wires together when left in solution, 

the solution was sonicated for 2-3 minutes prior to dropping the wires on the surface. The 

natural evaporation of the solvent at room temperature leaves the HTP nanowires on the 

surface. Eigure 7.2 shows an SEM image of a cluster of single crystal HTP wires on a silicon 

substrate using an electron beam of 5 keV. The wires seem to prefer to cluster together rather 

than separate individually in comparison to other nanowires synthesized in a similar process. 

Although the majority of wires seem to exhibit diameters that range from 100-800 nm, there 

are a few wires that fall outside that range while lengths of the wires range from 2-15 pm. 

This could be due to the rate or prolonged period of crystallization which is known to
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influence the dimensions of the wire or possibly due to the electrostatic intermolecular 

attractions between positively and negatively charged sulfur atoms from neighbouring 

molecules/crystals.

Figure 7.2; SEM image of HTP wires on a silicon substrate

The TEM images of the HTP wires shown in figures 7.3a-d, reveals that the inner core is 

completely solid. Closer inspection of the each image highlights the fact that the tip is 

uniquely flat and the sides are relatively smooth. A large majority of the wires seems to 

maintain the size of their diameters throughout the entire length of the wires. This implies 

that the rate of crystal growth is consistent around the sides but is significantly faster along 

the longitudinal direction of the wire. HRTEM images taken at higher magnification very 

close to the edge of the wire discloses the surface morphology of the nanowires, which 

exhibits a smooth well ordered surface. TEM diffraction pattern .seen in the inset of 

figure7.3d is also extracted from the HTP wires revealing their crystallinity.The single crystal 

geometry of the crystal exhibits a preferred [ 100] growth direction along the (001) plane 

which corelates to the a-axis of the crystal unit cell. The observed lattice fringes also 

corresponds to the {100} planes where the (001) facets possess the largest surface area. This 

rellects the diffraction patterns observed in Briseno et. al. paper where the d-spacings along 

the (100) and (010) planes were 3.84 and 14.5 A, respectively [15]. In this herringbone 

packing configuration, the HTP molecules are essentially stacked face to face along the a-axis 

in significantly close proximity to the neigbouring molecule with extended sulfur atoms. This 

short spacing between HTP molecules in the prefered growth direction results in a large 

molecular orbital overlap which could intluence the charge transport characteristics.
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X-ray crystallographic studies performed on these crystals where reported by Briseno et 

al. and the results revealed that these HTP crystals have a triclinc unit cell with a P-1 space 

group. The extracted unit cell dimensions were a=3.8941 A, b=14.334 A, c =16.531 A, 
a=72.458°, (f=88.886°,and y=^4.I69°. From these measurements they were also able to 

decifer the S-C and S-S bond lengths , but found it difficult to indentify the C=S double bond 

on the central ring (18].

iO

Figure 7.3: TEM images of single crystal HTP nanowires on carbon grid a) Image of several 
nanowires, b) Image of segment of a single nanowire displaying the tip of the wire, c) 

HRTEM Image of the side of a nano wire, d) HRTEM Image of the edge of a nano wire with
diffraction pattern in the inset.

7.3 Lateral HTP Based Devices

The lateral HTP structures were fabricated using UV and electron beam lithography. 

Initially, the Edwards BOC Auto 500 evaporator deposited 50 nm of gold on top of a 5nm 

titanium seed layer which coats the surface of an oxidized silicon substrate. UV-lithography,
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Ar ion milling and a resist liftoff process was incoporated to pattern the contact pads. The 

HTP/IPA solution was then re-sonicated in order to separate the wires from each other. A 

syringe was used to drop the HTP/IPA solution onto the surface of the patterned substrate. 

After the solution naturally evaporates from the surface leaving the wires, a SEM was used to 

locale their positions. The Elphy Quantum software tools was utilized to virtually draw 

contact electrodes to the pre-pallerned contact pads. The resulting schematic was eventually 

stored relative to physical and virtual alignment marks. The surface of the patterned silicon 

substrate was spin coated with MMA/PMMA bilayers at 5000 rpm and 7000 rpm 

respectively for 40 seconds. The layers are immediately baked on a hotplate at 175 °C for 25 

minutes. The samples were later reloaded into the SEM chamber and exposed with the pre

designed e-beam patterns based on the overlapping alignment marks. The exposed sections of 

the resist were removed by submerging the sample into the a developer solution and rinsed in 

IPA. The process reveals the sections of the nanwires that are designated for metal 

deposition. The Edwards BOC Auto 500 system or the Shamrock sputtering system is used 

to evaporate and sputter metals/alloys such as Pd, Ta and CoFe onto the desired segments of 

the HTP nanowires. After the metal deposition, the sample was placed in acetone to remove 

any resist or unwanted metal on the surface. The resulting structures reveals well defined 

metal contacts on sections of the HTP nanowires. Figure 7.4 shows the SEM image of a HTP 

nanowire contacted by a Pd electrodes. The nanowire has a diameter of approximately 200nm 

and a length of 1.5 pm. Note: Due to limited surface coverage of the nanowire during the 

fabrication procedure, an additional layer of Pt was deposited on top by EBAD to enhance the 

contacts. The resulting length of the current path between the two electrodes is around 

9()()nm.

Figure 7.4: SEM image of single crystal HTP nanowire with Pd electrodes.
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One of the motivations for using Pd as the contacting material was based on reports that 

claimed an increase in output current by three orders of magnitude with Pd contacting 

electrodes on single wall carbon nanotubc (SWCNT) in comparison to what is observed with 

Au contacted SWCNT 119,20,21], This report was somewhat intriguing since both metals 

possess similar work functions (-5.1cV) as well as the deposition conditions are nearly 

identical [ 15], One possible explanation for the disparity between the two metals could be 

simply due to the binding energies between metal and nanotube at the interface which would 

affect transport. Nevertheless, the HTP_Pd device was measured in the RT-rig setup at zero 

magnetic field. Current vs. voltage curves were obtained at temperatures ranging from 220- 

300K as shown in figure 7.5 with the logarithmic plot displayed in the inset. The observed 

asymmetric I-V curves reflect on the asymmetry of the electrodes at the interface. Since the 

HOMO energy level associated with the HTP nanowires were considered to be -5.35eV and 

the LIJMO is -3.72eV 115], it is conceivable that injecting carriers from the Pd electrode at 

the Fermi level would not require a substantial voltage. The low threshold voltage seen on 

both sides of the axis as well as the stable increase in current signifies the superior 

conductivity of the HTP nanowires. The increase in resistance with the lowering of 

temperature indicates the semiconducting nature of the nanowire. The logarithmic plot 

illustrates the charge transport transition from the ohmic to the quadratic space charge limited 

current (SCLC) regime as discussed by Jurchcscu et. al. Paper 122].

Figure 7.5: Current V5. Voltage curves of single crystal HTP nanowire with Pd electrodes
measured at different temperatures.
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In order to investigate spin transport in these HTP single crystals, ferromagnetic CoFe 

electrodes arc used to make direct contact to the nanowire. DC magnetron sputtering was 

used to deposit the CoFe electrodes with Ta as the capping layer. The resulting HTP_CoFe_l 

structure is shown in figure 7.6 where the diameter of the HTP nanowire is 250nm and gap 

between the active electrodes is approximately 200 nm. The active region on the 10.5 pm 

long wire was confined to the end where the diameter was slightly uneven.

Figure 7.6: SEM image oj HTP_CoFe_l device with a 200 nm gap between electrodes.

The electronic measurements of the lateral HTP_CoFe devices were also performed in 

the RT-rig at temperatures ranging from 100-300 K at zero magnetic field. The IV curves of 

the HTP_CoFe_l device with 200 nm of separation as seen in figure 7.7. They are 

asymmetric and exhibit a significant current (1 p A) for less than 1V of applied bias. This 

implies that the HTP nanowire has the ability to sustain a high current density throughout the 

200 nm gap. The logarithmic plot shown in the inset highlights the gradual transition from the 

ohmic regime at low bias to the SCLC regime which is evident at higher biases. This 

transition can easily be seen at 280 K and 300 K around 0.5 V.
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Figure 7.7: Current vs. Voltage curves of lateral crystal HTP_CoFe_l device measured at
different temperatures.

The HTF_CoFe_l .sample was further investigated by performing resistanee vs. 

temperature measurements as seen in figure 7.8 using the Quantum Design PPMS system. 

Temperature seans ranging from 10-50 K are done at zero and 5 Tesla. Overall, both curves 

exhibit semiconductor like behaviour as the resistanee increases with the lowering of the 

temperature. In comparison, the resistance states appears to be similar at low and high fields 

around 50 K, but as the temperature is reduced the high resistance state is clearly at high 

magnetic fields. This is an indication that there is some magnetoresistance effect 

(MR=AR/Rap) where the magnetic moment associated with the ferromagnetic electrodes goes 

from a state of random orientation at zero field to a parallel state at high fields. Interestingly, 

the rate of increase for the high resistance state seems to decelerate below 15 K which is 

unexpected. The logarithmic conductance vs. the inverse temperature plot illustrated in 

figure 7.9 was extracted from resistance measurements taken from 300 K to 50 K. 

Magnetoresistance effects were further explored sweeping the magnetic field up to 1 T at 

different temperatures as seen in figure 7.10. The measured magneloresistance was 12.7%, 

14% and 0.75% for temperatures 10 K, 20 K and 30K respectively. Observable field 

dependent change in resistance can be seen around 30 K but significantly increases as the 

temperature is reduced down to 10 K. The measured negative magnetoresistance confirms 

what was observed in the RT curves where the high resistance state occurs at high magnetic 

fields. At high magnetic fields, it is expected that the magnetic moment as.sociated with the 

electrodes are in a parallel state in compari,son to a random spin state at low fields. This is an
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indication that the molecular states at the interface between the metal and the organic maybe 

playing a critical role in the spin transport.

Temperature (K)

Figure 7.8: Resistance vs. Temperature curves of lateral crystal HTP device with CoFe 
electrodes measured with and without magnetic field.

Figure 7.9: Logarithmic conductance inverse temperature curve of lateral crystal HTP 
device with CoFe electrode measured at zero magnetic field.
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Figure 7.10: Resistance vs. magnetic field (T) curve of lateral single crystal HTP-CoFe
device with an applied bias of 50nA.

The second HTP_CoFe sample referred to here as HTP_CoFe_2 was fabricated using the same 

procedure as described above but is specifically designed with asymmetric electrodes in order to 

induce independent switching during transport. The separation between the two CoFe electrodes was 

4()()nm and positioned along the 3um long FITP wire which also has a diameter of 250nm as shown in 

figure 7.11. Based on the SHM image, the CoFe electrodes seem to achieve good coverage over the 

HTP nanowire. The current vs. voltage measurements are performed using the RT-rig setup for a 

series of temperatures as shown in figure 7.12, Similar to FlTJ’_CoFe_l, HTP_CoFe_2 exhibit 

asymmetric IV curves at all four temperatures measured. The resistance was considerably smaller in 

comparison to what was observed for the HTP_CoFe_l sample which was expected since the channel 

length doubled. The logarithmic plot shown in the inset also highlights the SCLC transport 

characteristics consistent with what was seen for the HTP_CoFe_l sample.
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Figure 7.11: SEM image of HTP_CoF'e_2 device with a 400nm gap between electrodes.
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Figure 7.12: Current vs. Voltage curves of the HTP_CoFe_2 device measured at different
temperatures.

These transport properties were further investigated at even lower temperatures using the 

PPMS system. Figure 7.13 shows resistance vs. temperature scans that were performed at 

three different magnetic fields. A strong semiconducting behaviour can be seen and is 

consistent to what was observed for the FlTP_CoFe_l sample. As expected, the highest 

resistance state was present at the highest field of 5 T. Interestingly, there appears to be a 

plateau in resistance at all three magnetic fields between 25 K and 30 K despite the fact that a 

gradual increase in resistance at lower and higher temperatures outside that range. A 

significant increase in magnetoresistance can be seen at temperatures below 25 K.

177



25 30 35

Temperature(K)

Figure 7.13: Resistance V5. Temperature curves of HTP_CoFe_2 device measured at
different magnetic fields.

Based on the RT measurements discussed above, magnetoresistance measurements were 

performed up to IT in the region where the largest effects are expected to occur. Figure 7.14 

shows the magnetic field sweep at 10 K and 20 K which revealed resistance changes of 

approximately 40.5% and 18.4% respectively. Although magnetorcsistance effect at 20 K 

does not appear to exhibit any independent switching, while at 10 K the switching from 

parallel to anti-parallel states can be observed. Since magnetic saturation was not observed, 

the measurement was repeated for this sample as well as the HTP_CoFe_l sample up to 5 T 

at 10 K which can be seen figure 7.15. The magnetoresistance increased to 50% while the 

HTP CoFe 1 revealed 40%.

Figure 7.14: Resistance V5. magnetic field (T) curves fior the HTP_CoFe_2 device at I OK and
20K.
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Figure 7.15: Resistance magnetic field (T) curves for HTP_CoFe_l and HFP_CoFe__2
devices at lOK.

Based on ihe results, it is safe to conclude that the magnetization orientations in the two 

CoFe electrodes are anti-parallel relative to each other at low magnetic fields and at high 

magnetic fields the magnetization orientations are parallel to each other. For sample 

HTF_CoFe_2, the spin-valve effect is observed due to magnetoresistance hysteresis which is 

induced by the asymmetric electrodes. The inverse magnetoresistance is believed to be 

associated with the negative spin polarization of the CoFe d-band, where the density of states 

of the minority spin sub-band at the Fermi level is higher than the majority spin sub-band. 

This type of behaviour was observed in magnetic tunnel junctions such as LSMO/SrTiOVCo 

[23] with thin insulating barriers, but in 2004 it was also observed in an LSMO/Alq^/Co spin- 

valve device with up to 130 nm of organic .spacer [24J. The strong temperature dependence of 

the magnetoresistance could partly be due to an increase in the spin polarization of the 

injecting CoFe electrodes at low temperatures as well as the presence of hyperfine interaction 

within the bulk which would enhance the magnetoresistance effect. In addition, the long 

range molecular order possessed by the crystalline HTP nanowires may contribute to the 

maintenance of spin memory over a 400 nm gap.

The applied bias and magnetoresistance effects in the HTP nanowires may be compared 

with those for the Ceo nanorods in chapter 6. The low temperature conductance is similar,

-10 “' Sem ' and it also depends only weakly on temperature. One difference relates to the I-V 

curves in C^o where there is a threshold voltage of 20 V. In the case of HTP wires, the I-V 

curves are asymmetric with threshold voltages below 1 V. This Schottky-like behaviour
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suggests that the two contacts are dissimilar and posses Schottky barriers of different heights. 

Another difference is the sign of the magnetoresistance of the HTP based device compared to 

the Cfto based device. The antiparallel configuration of the HTP device has a lower resistance 

than the parallel configuration unlike the normal behaviour for identical electrodes, which 

was apparent for the Ceo based device. These results indicate that the contact interface plays a 

critical role in the electronic transport and magnetoresistance effects in organic devices.

7.4 Pentacene Thin Films

Progression in the field of flexible organic electronics has given birth to novel 

applications such as radio frequency identification tags, smart cards, displays, etc. [25,26]. 

One of the main focuses is to improve the proeessing technique in order obtain reliable 

devices. Low cost techniques such as printing and stamping have been developed to improve 

the process but due to the soft texture of the organic materials, achieving reproducible lateral 

submicron dimensions remains a challenge [27]. Relatively conductive thin film materials 

such as small molecule organics and polymers have been employed to define the active 

region in several llexible devices. One of the most promising of these thin films is the p-type 

material pentacene (C22H14), which is known to possess a relatively high mobility of 6cm /Vs
9

and can reach up to 35 cm“/Vs when in single crystalline form [9,28]. It has akso been 

reported that depending on the growth conditions and substrate used, pentacene thin films can 

be tailored to be crystalline with one or more phases [30].

The pentacene thin films integrated in this work were grown by thermal evaporation 

using the specialized organic evaporator described in chapter 2. During the deposition of the 

200 nm thick film on to a Si02 substrate, the deposition rate is maintained at 0.3 A/s. The 

source material is heated up to I78°C, while the substrate is kept at approximately room 

temperature. In order to determine the quality of the film grown by this method, AFM and 

XRl) were employed to characterize the film. The AFM images shown in figures 7.16a and 

7.16b repre,sents the top surface of the pentacene film over a 5x5pm and 1x1 pm areas 

respectively. Based on the AFM images obtained using the AC/tapping mode of operation, 

the grains appeared very pronounced on the surface of the pentacene film but did not have 

any long range order. The rms roughness of these grains is approximately 20 nm, while some 

grains are as broad as a 1 pm at the base. This reveals that the preferred growth direction was 

vertical opposed to lateral. The resulting grain size has been reported in the literature to 

influence the mobility in a device. For example, small grain sizes can form active trapping
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sites at the boundaries and limit charge transport [31 ]. Therefore, the fabrication of 

submicron devices should limit the presence of these transport limiting defects in the channel.
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Figure 7.16: AFM images of crystalline pentacene thin film on oxidized silicon substrate

2 2 a) Image of 5x5pm area b) Image of 1x1 pm area.

To gain an understanding of the crystal structure associated with the pentacene molecule 

in a sublimed powdered state as well as in a thin film, XRD measurements were performed. 

The 99.9% sublimed grade pentacene powder with the molecular weight of 278.35 g/mol was 

obtained from Sigma Aldrich while the thin films were grown thermal evaporation as 

described above. Both materials were placed on SiOo substrates and analyzed using a X-ray 

diffractometer with Cu Ka radiation. The resulting XRD patterns can be seen in figure 7.17, 

where the diffraction peaks exhibit both (OOk’) and (OOk) spacing along with a few peaks that 

corresponds to a bulk phase. The first order diffraction peaks were not observed in these 

scans due to the fact that they occur at lower angles. In the case of the film, the main phase 

correlates to the (00k’) spacing which shows a second order diffraction peak at 1 1.4°. 

Although, this phase is commonly referred to in the literature as the “thin film phase” its 

precise structure is unknown. With a lattice spacing of 15.5A, the molecules are believed to 

tilt at 17.1° from the surface providing that the structure is triclinic [30, 32, 33]. A second 

crystalline pha.se of the (OOk) spacing can be seen at 12.2° for the second order diffraction 

peak. Additional peaks associated with the bulk phase of crystals can also be seen at various 

angles. The diffraction peaks corresponding to the source powder possessed mainly the 

crystalline phase with the (OOk) spacing. Subsequent ordered diffraction peaks can also be 

seen at higher angles along with additional peaks that are known to belong to the bulk phase. 

For example, the diffraction peak observed at 19.1° and shared by both materials were report 

by Drummy et. al. as an intense peak in a sublimed bulk crystal[34].



Figure 7.17: XRD pattern of pentacene thin film and powder on an oxidized silicon substrate.

7.5 Pentacene Thin Film Based Devices

The soft texture and grain-like morphology of the pentacene thin film has sparked the 

incorporation of novel techniques to achieve electronic transport through this semiconducting 

medium. The large grains on the surface make it difficult to make vertical micro-scale 

junctions without having a short circuit. Therefore, lateral configured nanoscale junctions 

have emerged as the preferred method for making electrical contact to this organic film. The 

fabrication of the lateral pentacene film structure with spin polarized top contacting 

electrodes was enabled by a shadow mask created from silicon membrane shown in figure 

7.18a. These silicon membranes were made from carefully chemically etched oxidized silicon 

on insulator (SOI) wafers. The resulting 100x100pm silicon window is 250 nm thick. The 

SEM image of the Si membrane shadow mask displayed in figure 7.18b was etched by 

focused Ga-f- ion beam milling leaving a submicron separation between the asymmetric 

patterns.
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Figure 7.18: a) Cross sectional view of Si membrane sandwiched by Si02 insulators, b) SEM 
image of Si membrane with Ga+ ion milled patterns for the shadow mask for the electrodes.

The fabricated shadow mask was then placed on top of a freshly deposited 200 nm thick 

pentacene layer on an oxidized silicon substrate. After adequately securing the mask on to the 

sample, they were placed in the Edwards BOC Auto 500 evaporation system where a 2 nm 

A^Os barrier layer was deposited before 40 nm thick Co layer using e-beam evaporation. The 

Co layer was immediately capped by a 5 nm layer of Ag. Figures 7.19a and 7.19b shows the 

SEM images of the resulting structure after deposition through shadow mask. The gap 

between the two asymmetric electrodes was determined to be approximately 800 nm.

0) AI^Oj/Co/Ag b)
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Figure 7.19: SEM images of AfOj/Co/Ag electrodes deposited on top of pentacene film a) 
Top view of the entire structure b) View of the separation between the two electrodes.

A cross sectional and top view schematic of the final lateral structure are shown in 

figures 7.20a and 7.20b respectively. The thickness of the overall stack was selected in order 

to overcome the inhomogeneous morphology of the pentacene film and prevent the 

occurrence of disconnected layers. The thin AI2O3 layer was inserted to act as a tunnel barrier 

for efficient injection and to minimize any effects incurred from the significant impedance 

mismatch between the metal and semiconductor. The asymmetry of the electrodes seen in the 

top view was intended to induce independent magnetic switching due to their different 

coercive fields.
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Figure 7.20: Schematic of pentacene film structure with spin polarized top contact electrodes
a) Cross sectional view h) Top view.

The final electrical contacts were made on to the miniature structure by focused e-beam 

assisted platinum deposition as shown in figure 7.21. These platinum wires were used to 

bridge the electronic gap to larger silver contact pads. The final device was subsequently 

stored in nitrogen gas fill glove box during the period prior to measurement in order to 

prevent significant alteration of the pentacene film.

Pentacene
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Figure 7.2F SEM image of pentacene film structure with top contacts after being contacted 
by e-beam assisted deposition of platinum wires.

The lateral device with top contacts on to the pentacene film was measured using the 

PPMS system. Initially, current vs. voltage curves were taken at a series of temperatures 

down to 10 K as shown in figure 7.22 with the logarithmic plot in the inset. The observed 

curves are symmetric in nature and exhibited increased nonlinearity at low temperatures.

Even with sub-volt biases, a substantial amount of current was achievable, which is a 

testament to the efficient injection of charge carriers into the conducting channel via the 

tunnel barrier. The strong semiconducting behaviour can also be observed in the resistance vs. 

temperature curves displayed in figure 7.23.
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Figure 7.22: Current vs. voltage curves of pentacene film structure with top contacts 
measured at various temperatures. Ix)garithmic plot is shown in the inset.

Figure 7.23: Resistance temperature curves of the pentacene film with top contacts 
measured at bias voltages O.IV and 0.2V.

To investigate the possibility of inducing spin dependent transport in this conductive 

medium, current vs. voltage curves were measured at different magnetic fields while fixing 

the temperature at 10 K as seen in figure 7.24. The magnetic field was sweep from -14 T to 

14 T. Since it was not apparently obvious what was the magnitude of the resistance change 

over this field range, the resistance values at 0.2 V were extracted and displayed in the inset. 

The magnetoresistance was estimated to be around 5%. Surprisingly, the resistance did not 

appear to saturate at such high magnetic fields. This is an indication that the change in 

resistance might be due to some induced hyperfine field interactions rather than spin injection
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and detection via the polarized electrodes. Using the highly doped silicon substrate as a gate 

electrode, electric field dependent transport was also attempted but unsuccessful due to a 

small leakage current on the gate.

-0.20 -0.15 ^trro m55“ 0.00 0.05 0.10 0.15 0.20

Voltage{V)

Figure 7.24: Current y.9. voltage curves of pentacene film with top contacts measured at lOK 
magnetic fields ranging from -I4T to 14T. The inset figures show a closer view of the IV 

curves at higher biases and the measured resistance V5. magnetic field.

Due to the lack of effective electric field control in the pentacene device described above, 

the fabrication procedure was modified along with the inclusion of a much thicker Si()2 layer 

to minimize current leakage. This alternative design approach requires the making of bottom 

contacts to the pentacene film while still incorporating the Si membrane shadow mask 

technique used above. One disadvantage of using this technique is that the ferromagnetic 

electrodes even when slightly capped would oxidize when exposed to air and solvents during 

the fabrication process.

The process was initiated by focussed Ga+ ion beam milling of 250 nm thick 

lOOxlOOpm^ Si membrane window. Figure 7.25a shows the SEM image of the asymmetric 

shadow mask patterns with nanoscale separation between them. The patterned Si membrane 

was placed on top of a highly doped p-type silicon substrate coated with a 1pm thick Si02 

layer grown by CVD. The Edwards BOC Auto 500 evaporation system was used to deposit 

45nm of Co film on top of a 10 nm Cr seed layer and was immediately capped with a 5 nm
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layer of Ag. The SEM image shown in figure 7.25b displays the patterned electrodes after 

deposition.

Figure 7.25: SEM images of bottom contacting source/drain electrodes a) Image of Si- 
membrane with Ga+ ion milled pattern for shadow mask of asymmetric electrodes, b) Image 

of deposited spin polarized electrodes oxidized silicon substrate.

L'V lithography was then incorporated to create a region for larger contact pads while 

protecting the active region between the two electrodes with resist. A 85 nm thick silver layer 

was e-beam evaporated onto the patterned resist making contact to the exposed regions of the 

ferromagnetic Co electrodes. The sample was immediately submerged in acetone to lift off 

the resist and exposes the active region as shown in figure 7.26a. A higher magnification 

SEM image shown in figure 7.26b highlights the gap between the two electrodes which was 

determined to be approximately 250 nm.
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Figure 7.26: SEM images of fabricated bottom contacting source/drain electrodes a) Image 
of electrodes contacted by Ag pads, b) Close-up image of asymmetric spin polarized

electrodes.

187



After the liftoff process, the sample was blow dried and placed in the Shamrock 

deposition chamber A. Ar+ ion etching was used to etch away the 5 nm capping layer of Ag 

exposing the Co layer underneath. Without breaking vacuum, the sample was moved to 

chamber B where a 1.5 nm MgO tunnel barrier was sputtered in rotation over the entire 

surface from a single target. The sample was immediately removed and placed inside the 

organic evaporator where the 200 nm thick pentacene layer was grown on top and capped 

with a 5 nm layer of LiF. The FET structure is depicted in figure 7.27 via a schematic with a 

cross sectional view.

Source Dram

Gate

Figure 7.27: Schematic of cross sectional view of pentacene FET with spin polarized bottom
contacted source/drain electrodes.

The sample was measured using a Karl Suss probe station outfitted with two Keithley 

2400 source meters, a Keithley 2000 multi-meter and a low noise current amplifier. The 

measured drain current vs. gate voltage curves at scries of drain voltage biases are displayed 

in figure 7.28. Each measurement scan was performed in forward and reverse bias in order to 

observe any hysteresis effects. The charge transport through the channel was not as 

conductive as the sample made with the top contact configuration. This could have be cau.sed 

by the excess oxidation the Co electrode along with the MgO which may have increased the 

barrier height at the interface. The threshold voltage with zero voltage on the drain was 

estimated to be around 10 V. A strong field effect induced transport was observed with drain 

voltage bias above 60 V, while the curves for 60 V and below exhibit some hysteresis. The 

observed hysteresis effect was induced by trapped charges at the organic/Si02 dielectric 

interface. This hysteresis effect seems to diminish significantly as the drain voltage bias and 

current in the channel increases.
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Figure 7.28: Drain current y5. gate voltage curves at various drain voltage biases.

Although the overall electronic transport properties associated with this device depends a 

lot on the carrier mobility through those large polycrystalline grains in the pentacene film. 

This intrinsic effect are not very apparent form the.se measurements, but rather highlights the 

electric field effects that is capable of inducing transport through the pentacene material.

Drain current versus drain voltage measurements were also attempted for this sample, but 

were unsuccessful.
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Chapter 8
Conclusions and Future Work

In conclusion, the series of ‘small molecule’organic materials investigated in this thesis 

share many similar properties in common. The most prominent of these similarities is the 

number of carbon atoms that exists in each molecule capable of facilitating n bonding which 

has been proven to play an integral role in tuning the electronic transport properties. In the 

case of molecules such as Qo, rubrene, pentacene/HTP, Znq2, and Alq^ possess 60, 42, 22, 18 

and 27 carbon atoms respectively. These molecules in their localized environment exhibit 

weak intermolecular interactions via Van der Waals forces. The tt bonding within the 

molecule these molecules contributes to their inherent HOMO - LUMO gaps ranging from 

1.5 to 3.24 eV. In the solid, those molecular orbitals are broadened into narrow valence or 

conduction bands derived from the HOMO or LUMO levels, respectively.

Low temperature conductivity measurements performed at various bias voltages in this 

thesis work highlight the temperature dependent electronic transport in these molecular 

systems. The observed conductivity of these samples range from 3x10 ’^ to 1x10 '^ S cm ’ at 

room temperature. Relative to other inorganic semiconductor systems, the changes in 

conductivity for each sample over a wide temperature range were small. Although the 

conductivity increases with increasing temperature it does not extrapolate to zero for rubrene, 

Ceo or HTP, which were measured down to low temperatures. The conduction within these 

materials appears to be band-like regardless of the contacting material or the fabrication 

process. Based on this revelation, an emerging view of transport in these systems is based on 

diffusive conduction at low temperatures, with traditional hopping dominating at high 

temperatures. The low temperature band picture is supported by the magnetoresistance 

observed for the rubrene crystal which is believed to be induced by weak localization. New 

theories are being developed to explain the presence of band carriers in states that are 

dynamically localized by thermal disorder and soft intermolecular vibration modes [ 1,2,3].

Although not shown in this thesis work, these ‘small molecule’ organic thin films have 

been incorporated into multilayer Junctions as a tunnel barrier. The thickness of molecular
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barriers such as Alqi, Znq2 and rubrene commonly range from 1 to 5 nm |4,5,6]. Evidence of 

spin injection and detection in these materials over long ranges have also been observed in 

spin-valve devices since 2004 |7,8,9]. This is encouraging since long range spin transport is 

essential for the future of organic spin electronics. In theory, the spin transport effects 

observed in those amorphous materials should be greatly enhanced if the material is 

crystalline in nature. As previously described in this work, a lateral device configuration is 

necessary in order to easily incorporate various organic crystals as the conducting channel. 

Spin valve effects were seen in crystalline C6o and HTP based devices at low temperatures 

with contact gaps ranging from 200 to 400 nm. Independent magnetic switching of the 

electrodes was not seen in the case of our rubrene based devices. Although the results 

obtained were promising, the magnetoresistance effects were observed at low temperature 

and in order for these devices to be considered as a viable candidate for future organic spin 

electronics these effects must be observed at room temperature.

In order to further investigate the weak localization magnctorcsistance seen in the 

rubrene crystal based devices with NiFe electrodes, high magnetic field measurements are 

needed to get the localization length and to investigate its relation to the spin diffusion length. 

This spin diffusion length must be greater that the localization length because a spin flip 

scattering event will destroy the phase coherence of the wave function. In the case of Al- 

doped 8-hydroxyquinolinc wires, the observed intrinsic positive magnetoresistance which 

seems to be based on Pauli blockade needs further investigation in order to gain a better 

understanding of the contributing transport mechanisms.

Interestingly, the experimental work performed on the various different organic materials 

reveals the critical role that the contact interface plays in injection carriers from the Fermi 

level. This was especially apparent in the studies done on the rubrene crystal with different 

contacting materials. In the case of the HTP crystalline wires, the asymmetric contact 

interfaces and geometry resulted in asymmetric I-V curves and magnetoresistance effects in 

some devices. These interface effects can be influenced by exposure of the organic crystals 

and contacting electrodes to air. This exposure could be detrimental to the transport 

properties due to the formation of the oxides on the electrodes at the interface.

To enhance the quality of contact interfaces for future devices, care must be taken to 

fabricate these devices in a dry, oxygen free atmosphere, or clean the contacting surfaces 

prior to contact. One option is to design and build a setup that connects an oxygen depleted
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glove-box, a quartz tube for crystal growth and a vacuum environment for introducing 

contact electrodes. In the case of organic thin film based devices, a single UHV system 

enabled with an organic evaporator, multiple metal sources and an Ar"" ion etcher is needed in 

order to grow an entire stack without breaking vacuum. In depth characterization of these 

interfaces should also be explored using point contact Andreev retlection (PCAR) spin 

spectroscopy for mapping the spin polarization of buried interfaces. It seems that control of 

the interfaces will be critical for the future of organic spin electronics.
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