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1. Introduction

Spintronics devices exploiting the spin of the electron [1-10] are prepared to revolutionise
the electronics industry. The significance of this new generation device is faster memory and
lower power consumption at low electron density. The late 20th century has been considered
as an era of microelectronics. However, the avalanche growth of microelectronics is a major
threat to Moore’s law and spintronics may be a solution for it. From the first transistor to
the signally powerful microprocessor in our recent computers, most electronic devices have
employed circuits that express data as binary digits, or bits (1 and 0) represented by the
existence or absence of electric charge. Unlike microelectronics, spintronics exploits spin
(spin up 1 and spin down |) of the electron to carry information between devices.

The discovery of Giant Magnetoresistance (GMR) by Nobel Prize winners Albert Fert and
Peter Griinberg had actually led to the birth of novel field spintronics [11]. Currently, most
of the existing spintronic devices [12] are based on metallic systems such as magnetic tunnel
junctions (MTJs) and single electron transistor [13]. On the other hand, a wealth of
intriguing spin phenomena has been observed in nanoscale materials [14]. This triggered an
extensive research effort on spin transport in nanoscale MTJs and other interesting
phenomena were realised. One of the most important phenomena is tunnel
magnetoresistance (TMR) of the MTJs. A MTJ is composed of two ferromagnetic conducting
layers separated by an ultra-thin insulating layer [15-20]. The TMR was first demonstrated
by M. Julliere [21]. Yakushiji et al. [22] experimentally demonstrated the influence of spin
conduction on TMR. The enhancement and oscillation of TMR in ferromagnetic multiple
junctions have been predicted by several authors [23-30]. However, there have been only a
few experiments on spin-dependent single electron tunnelling (SET) to date [31-36] due to
the difficulty in fabricating appropriate sample structures for spin-dependent SET.

The desire to build spintronic devices that show larger spin dependent phenomena has led
many researchers to combine single electron tunneling (SET) and spin dependent electron
tunneling (SDT). The charge quantization in low capacitance magnetic tunnel junctions
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496 Electronic Properties of Carbon Nanotubes

(MTJs) can lead to SET phenomena represented by Coulomb blockade (CB) below a
threshold voltage and Coulomb staircase (CS) at higher voltages [37]. Carbon nanotubes
(CNTs) can actually be thought of as a spacer in MT] devices due to its one dimensional
nano structure with ballistic conduction. It can control current transport by quantum
mechanical spin degree of freedom. The remarkable spin dependent phenomena are
expected in these devices due to the interplay between SET and spin dependent electron
tunneling (SDT). In this chapter, we explore the state of the art MTJ] devices with special
emphasis to CNT. Novel phenomena, TMR and SET in spintronics devices are highlighted.

2. Spintronic devices

The working principle of a spintronic device follows the steps (i) information is stored into
spins as an orientation (i.e. up or down), (ii) spin information is carried by mobile electrons
along a path or wire and (iii) the information is then read at a final point. Figure 1 shows the
schematic representation of a spintronic device. The spin orientation of conduction electrons
will exist for several nanoseconds making them useful in electronic circuit and chip design.
The most basic method of creating a spin-polarized current is to transport current through a
ferromagnetic material and to transmit the electron spin carrying the information to the
receiver point. Spin current is therefore an important tool to detect spin in spintronic
devices. The important avenues for the development of spintronics devices are: (i)
fabrication of nanoscale nanostructures including novel magnetic materials, thin films,
hybrid structures, and functional materials, (ii) research on spin effect (spin injection, and
spin transport and detection), (iii) demonstration of spintronic devices including giant
magnetoresistance (GMR) and tunnel magnetoresistance (TMR) devices in magnetic tunnel
junctions (MT]Js) and (iv) study of SET in MT]Js.

3. Magnetic Tunnel Junctions

A magnetic tunnel junction (MT]) can be considered as a spintronic device since it is
composed of two ferromagnetic materials, such as nickel, cobalt or iron, separated by an
ultrathin layer of insulator with a thickness of the order of nanometre (10-m). It exhibits two
resistances, low (Rp) or high (R.p) depending on the relative direction of ferromagnet
magnetizations, parallel (P) or antiparallel (AP), respectively. The insulating layer is so thin
that electrons can tunnel through the barrier if a bias voltage is applied between the two
metal electrodes. The schematic of a magnetic tunnel junction (MT]) is illustrated in Figure
2. In MT]Js the tunneling current depends on the relative orientation of magnetizations of the
two ferromagnetic layers, which can be changed by an applied magnetic field. This
phenomenon is called tunnel magnetoresistance (TMR). An important factor in TMR is the
interaction between the electron spin (S) and angular momentum (L) that is, spin orbit
coupling (SOC). An example of SOC is splitting of hydrogen spectrum [38-40]. The SOC
deforms the electron shell as the direction of the magnetization rotates. This deformation
also changes the amount of scattering undergone by the conduction electrons when
traversing the lattice. There will be minimum resistance if the magnetizations are in parallel
orientation and it will go to maximum with opposite orientations (Figure 3). Therefore, such
kind of junction can be easily switched between two states of electrical resistance, one with
low and one with very high resistance.
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Fig. 1. A Schematic representation of spintronic device.
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Fig. 2. A Schematic magnetic tunnel junction (MT]J).

www.intechopen.com



498 Electronic Properties of Carbon Nanotubes

3.1 Fabrication of MTJs

The fabrication of MT]Js with high TMR ratios is crucial in developing spintronic devices.
With the advance of nanotechnology, there are various methods to deposit MT]Js, such as
molecular beam epitaxy (MBE), magnetron sputtering, electron beam evaporation and
chemical vapour deposition (CVD), and so on. In detail, the MT]’s main components are
ferromagnetic (FM) layer and insulator layer. The FM layers can be fabricated by sputter
deposition (magnetron sputtering and ion beam deposition). The fabrication issue is the
magnetic alignment and thickness (deposition rates should be in the Angstrom-per-second
range). The best way of fabricating insulating layer is still under research. Some of the
proven materials are Al,Os tunnel barriers made by depositing a metallic aluminium layer
in the range of 5-15 A thickness. In addition, ion beam oxidation, glow discharge, plasma,
atomic-oxygen exposure and ultraviolet-stimulated oxygen exposure are also alternate ways
of insulator deposition. Since the first report on TMR by Julliere [21], many studies have
been performed to explore this property, especially on AlO; insulating layers. The necessity
of controlling the magnetic properties of the magnetic layers introduces special
requirements on the deposition process. The maintaining of inherent magnetic anisotropy is
crucial in the deposition process. This can be set by applying magnetic field during
deposition. The thickness & uniformity of the material, the coercivity, magnetorestriction, all
are important in controlling the magnetic anisotropy.

Low Resistance

Fig. 3. Resistance goes from minimum to maximum with change in magnetization
orientation from parallel to anti-parallel.
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There are some theoretical predictions stating the MTJs with maximum TMR ratios could be
fabricated by the epitaxial growth of ferromagnetic-non ferromagnetic-ferromagnetic
nanoscale sandwich structure, Fe/MgO/Fe and Fe/MgO/FeCo [41, 42]. The high ratios
resulted from the effective coupling of the majority spin band of Fe/FeCo into MgO and
MgO into Fe/FeCo. TMR ratios up to 180% and 220% were achieved in these structures [43,
44]. The literature also says MT]Js can be fabricated using half-metallic ferromagnets [45] and
can generate 100% spin polarization at Fermi level (EF) due to the energy gap for one spin
direction. The maximum spin polarization up to 100% is highly desirable in spintronic
devices for the efficient spin injection from ferromagnetic electrodes into the non-
ferromagnetic spacer and for the development of current induced magnetization switching
in MTJs. Other MTJs with half-metallic ferromagnets which have shown higher TMR at
room temperature are cobalt based alloy thin films including Co,Cr;..Fe Al, Co,MnSi or Co-
Mn-Al. In addition to MgO tunnel barrier, aluminium oxide also been used as tunnel barrier
with ferromagnetic electrodes Co,Cros Feps Al and CooMnSi. The advantage of these alloys
is the high Curie temperature above room temperature. N. Tezuka et al have developed a
MT]J of CorFeAlysSios electrodes and a MgO barrier fabricated by MBE and observed that
their device had a TMR ratio of 386% at approximately 300K and 832% at 9K [46].
Nowadays, magnetic data storage technologies prefer perpendicular magnetic anisotropy
(PMA) compared to the conventional devices that exploit the magnetization of the layers
within the film plane. Figure 4 shows the cell structure with perpendicular magnetic
anisotropy. An alloy of cobalt-iron is employed in the magnetic layer, with magnesium
oxide in the insulating layer and cobalt-iron-boron in the interface layers. The structure
developed by Toshiba is used for recording media. PMA has also been observed in several
ferromagnetic materials including multilayers such as Co-Pt, Co-Pd, Co-Ni, CoFe-Pt, and
CoFe-Pd, Co-Cr-Pt, alloys such as CoPt, FePt, and CoCr, and rare-earth transition metal
alloys [47-50]. However, an ideal system with high thermal stability at nanoscale dimension,
low current induced magnetization and high TMR was not successful. In view of this, S.

Cap layer
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Fig. 4. Magnetoresistive random access memory (MRAM) with giga bits capacity developed
by Toshiba.
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Ikeda et al [51] employed interfacial PMA between the ferromagnetic electrodes and the
tunnel barrier of the MTJ by using the material combination of CoFeB-MgO. The MT]Js
consisting of Ta/CoFeB/MgO/CoFeB/Ta showed a high TMR ratio, over 120%, high
thermal stability at dimension as low as 40 nm diameter and a low switching current of 49
PA.

3.2 TMR in MTJs

To continue the discussion, TMR is a magnetoresistive effect that occurs in component
consisting of two ferromagnets separated by a thin insulator (MT]). The interest towards
TMR is driven by the fact that MTJs with spin dependent tunneling (SDT) are expected to
provide technical promises that will allow the realization of nanoscale devices in more
advanced spintronic applications. T. Moodera et al [52] fabricated the first reproducible
TMR up to 24% (Figure 5) at room temperature on CoFe/Al;O3/Co or NiFe junction. Today,
reproducible TMR value up to 50% can be obtained with three dimensional ferromagnets
making them useful for industrial application [ 53].

MR = (R jax - R in )/ R

min

MR(%)

-60 0 60

Applied Field (Oe)

Fig. 5. Ratio of tunnel magnetoresistance (TMR) shown in CoFe/ Al,O/ Co junction., J. S.
Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev. Lett. 74, 3273 (1995) ©
American Physical Society

3.2.1 Theory of TMR
The TMR effect in MT]Js can be derived using Julliere’s model [21, 51-53]. According to this
model the magnetoresistance,
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TMR = (Rap-Re)/Rp = 2P¥/ (1-P2) 1)

where Rp and Rap are the resistance in parallel and antiparallel magnetic configuration,
respectively and P is the spin polarization. The Differential TMR can be re-written as

(dl/dV,p)" = (dI/dVp)"

TMR = -
(d /dV,ap)

(2)

According to Wiesendanger [54] the derivative of an I-V curve (the differential conductivity
is expressed as

dr 2z
v h

) [t Dy (E¢)D, (Ep +eV) 3)

where ‘tz‘ is the tunnel probability, D; and D, are the DOS of the two electrodes, Er is the

Fermi energy, and V is the bias voltage applied to the electrode at low temperature.

The injection of spin currents from a ferromagnetic manganite, Lao7Sro3sMnQOs, into a single
CNT (non-ferromagnetic) and the transformation of spin information into large electrical
signal have been demonstrated by L. E. Hueso et al [55]. The TMR calculated in their system
is 61%. R.S. Liu et al. [56] observed TMR (10%) due to the interplay of SDT and CB in a
Ni/NiO/Co/NiO/Ni double junction of a submicron scale. Interestingly, both the systems
are MT] which is similar to our system. H.B Peng et al. [57] also studied I-V characteristics
on patterned growth of SWCNT arrays from vapour-deposited Fe catalyst. Similar I-V
features were observed in Nickel-CNT-Nickel MT] system fabricated by the current authors
[58]. Undoubtedly, Coulomb blockade (CB) effect, the principle of single electron tunnelling
(SET), is responsible for the enhanced TMR in nanoscale MT]Js. The SET phenomena and the
associated MR occur only if the transport of electrons from one electrode to another is
inhibited due to the extremely high electrostatic energy e2/2C (e = charge of electron and C is
the capacitance) of a single electron compared to the thermal energy ksT. When the bias
voltage increases and exceeds the threshold Vi = ¢/2C, the current starts to increase. If the
resistance of two junctions are similar (R1~ R2), the current increases smoothly with bias
voltage. T. Niizeki et al [59] could reduce the junction area to 10nm and observed enhanced
TMR due to the coulomb blockade (CB) effect.

Motivated by the possibility of spintronics, the current authors have attempted a novel MT]
system using vertically aligned CNTs [58, 60]. The TMR along with Coulomb blockade and
Coulomb staircase was observed in our system. Our device is formed of a vertical array of
carbon nanotubes bridged between the nickel electrodes. The higher value of CB spacing (~
2 V) in our system compared to the reported value (0.8V) is expected due to the bulk effect
of CNT arrays. It also confirms that there is no short connection in the sample. From the I-V
analysis of our system it appears that TMR is originating from the spin polarisation of the
electrodes, i.e the difference between the density of states (DOS) of the up-and down-spin
sub-bands in the two electrodes. More details of CNT- MTJs are given section 2.2.

3.2.2 Characterization
It is well known that the TMR is highly sensitive to the structural and chemical nature of the
material. The characterization techniques such as electrical conductivity, magnetoresistance
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and tunneling microscopy can give detailed information on MT]Js properties. The
knowledge on magnetic property of the ferromagnetic electrodes is crucial in development
of MTJ devices. The superconducting quantum interference device (SQUID) is the most
sensitive magnetic field equipment to measure the magnetic property. It has enough
sensitivity to measure measure the magnetic fields in nanoscale ferromagnets. The
magnetization of the material can also be measured by vibrating-sample magnetometer
(VSM) technique. VSM is based on Faraday’s law which implies that an emf will be
generated in a coil when flux changes in the coil. TMR also can be measured using the four
probe method by sweeping the magnetic field. Scanning tunneling spectroscopy
(STS)/scanning tunneling microscopy (STM) is another technique which can give precise
TMR measurements. The details of all these measurements are given in section 5.

3.3 Application of MTJs

With wider knowledge on how to manipulate spins [61], we can build more state of the art
spintronic devices with extraordinary properties. Extended research into application
possibilities of any spintronic effects is therefore crucial to realise more advanced spintronic
devices. These devices made huge impact on computer technology by enabling higher
storage of information in hard drives and faster reading of data in random access memories.
The first successful application of MT] was demonstrated in computer read head technology
with Al,O3 barrier and MgO barrier MT]J. The magnetic recording density in hard disk drive
increased (300-600 Gbit/Inch?) considerably in these devices [62-65]. Another application of
MT]J is to develop magnetic random access memory (MRAM) devices. It has been claimed
that MRAM can exceed the speed of SRAM (static RAM), density of DRAM (Dynamic RAM)
and non-volatility of flash memory. In addition, the nano-dimension device has low power
consumption and less heating. MRAM is an upgrade version of SRAM and DRAM where
data is stored using spin instead of electrical charges. It overcomes one of the disadvantages
of the conventional RAM, the loss of information by power failure. Leading companies like
IBM, Motorola, and Honeywell started the MRAM research in 1995 and they were
supported by United States Defense Advanced Research Projects Agency (DARPA). Figure 6
shows the images of MRAM used by leading companies like Thoshiba, IBM and Motorola.

4. Spin current in MTJs

In the view of rapid progress in the fabrication of nanoscale MT]Js, spin is a subject of great
interest. Spin is a purely quantum mechanical quantity which provides an extra degree of
freedom for the electron to interact with a magnetic field. In 1922, Stern and Gerlach
demonstrated the most direct experimental evidence of the existence and of the quantized
nature of the electron spin. The first experimental evidence of spin dependent tunneling was
reported by Jullerie [21] in 1975. Later, Berger proposed the idea that spin polarized current
act on local magnetization of ferromagnets and leads to giant magnetoresistance [66]. The
important property of spin is its weak interaction with the environment and with other
spins, resulting in a long coherence or relaxation time, which is a very important parameter
in the field of spin-transport and quantum computing. For the successful incorporation of
spins into the currently existing electronics, one has to resolve issues such as efficient spin
injection, spin transport, control and manipulation of spins and finally detection of spin
polarized current.
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Fig. 6. MRAM memory cells composed of a magnetic tunnel junction (MT]J). States "0" and
"1" in the cells correspond to the parallel and antiparallel alignments of the electrode
magnetic moments.

Spintronics without magnetism is an attractive pathway for designing semiconductor
spintronic devices since spin orbit coupling (SOC) enables that the spin is generated and
manipulated merely by electric field. By the application of electric field, the electrons move
in the lattice generating a magnetic field which acts up on the spin. The spin orbit
interaction on mobile electrons was proved theoretically many decades ago. However, the
practical harnessing of this concept is still at an early stage

4.1 Spin transport

The influence of spin transfer in MT]Js can be observed by measuring resistive loops as a
measure of external applied field and applied voltage. By sweeping the magnetic and
electrical field, one can observe sharp drop in resistance which is attributed to the switching
from parallel to antiparallel and vice versa. The drop of resistance is associated with the
TMR. One of the factors that affect drop of resistance and TMR is density of states (DOS) at
the interface [67-71].

4.2 Spin polarization
In addition to the spin transport, spin injection and spin polarization also an important
factors in governing TMR. The spin polarization is a result of a subtle cancellation between
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two spin channels and is greatly influenced by the atomic, electronic and magnetic
structures of the system. While the fundamentals of electron tunnelling are well understood,
the quantitative theoretical description is lacking in real systems due to limitations in
fabrication. Sophisticated and stable nanofabrication method will solve the problem of
interface in MTJs. However, to build up on experimental findings, it is also essential to
develop an accurate model of the spin polarization and transport of spin current through
the ferromagnetic/nonferromagnetic interface and finally into vacuum which is highly
sensitive to the chemical and material details of the device. In this context, Density
functional theories [72] of MTJ system that can produce spin polarization effects in the
Fermi Energy (FE) are important. Density functional theory (DFT) is a widely used
method for modelling charge/spin carrier transport semiconductors. There is plenty of
literature on DFT based calculations in studying SDT in MTJs [73-75]. The key
components in the modelling are schottky barrier (¢,) and the applied voltage Va against
current density. Ab initio simulation of magnetic tunnel junctions has been demonstrated
by Derek Waldron et al [76]. The effect of schottky barrier profile on spin dependent
tunnelling in a ferromagnet-insulator-semiconductor system is reported in N.L.Chung et
al’s work [77].

4.3 Theoretical modelling
Landauer [78] formula is really useful in order to compute spintronic devices. For the

simplicity of modelling, the system can be assumed as one-dimensional, composed by a
quantum wire with length L and two ferromagnetic reservoirs with electrochemical
potential pL and pR which are given by

pL1l = Eg +(-)Ap,

pRM = Ep +(-)Ap + Va,

A p = (uT-pnl)/2 being half of the spin splitting energy. The effect of the Schottky barrier is
important on the SDT and therefore negligible spin relaxation in the tunnel barrier should
be considered.

If fis a function in the k space, the sum of f over k is given by

k

Let us assume that the transport in the channel is ballistic and the electrons entering the
reservoir is in equilibrium. The positive current, carried by the k> 0 state in i subband is
then given by

. q o oy
I =EZ":”¢'J'.E—F"L' ()

koD

where vi is the velocity and f is the Fermi-Dirac distribution function.
Using

T fU) =2 = [ fUodk (6)

eqn 6 can be rewritten as
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i

i? (=]
I = —/ vil k) fI(E — pp)dk (7)
0
Since v; = 27”2—5 , the positive current can be expressed as

I =%[ FIE — pr)dE 8)

where h is the Planck’s constant and ¢; is the cutoff energy of the i subband. The negative

current is similarly given by

. 2¢ ™
I = U? f(E — pur)dE )
and the total current as
=] —J< =23 jHL T KR (10)
h q
M(E) =) u(E —¢), (11)

is the number of modes in subband i having energy less than E, and u is a Heaviside
function. Low temperature has been assumed so that f(e—u)~u(u—€) and M has been
assumed to be constant in the energy range

Hy <€<th. (12)

The total current density will be calculated by adding current of each spin channel,

I=11+1] (13)

and the spin current is given by the difference between up spin and down spin currents.
The introduction of a 3D system can further increase the consistency of calculation
compared to 1D.

In this review, we emphasis on graphene and CNTs based MTJs which are the most recent
attractions in MT] research.

5. Graphene based MTJs

Graphene is the building block of graphite and it is made from a hexagonal lattice of carbon
atoms with sp2bonds (Figure 7). Graphene is a promising material for spintronics and MTJs
due to its intrinsic spin orbit interaction [79-87]. The electron spin of graphene also has
interaction with the carbon nuclei. In addition, its unique properties, especially long spin
flip length up to 1pm at room temperature enhances its potential to spintronics. They also
show half integer quantum hall effect and high electrical conductivity. Many groups have
studied TMR for graphene connected to ferromagnetic leads. They have demonstrated
injection of spin polarized current in the system. Graphene is ideal for application of spin

www.intechopen.com



506 Electronic Properties of Carbon Nanotubes

valve effect in which the resistance of the devices can be changed by manipulating the
relative orientation of the magnetization. Hill et al [88] fabricated a spin valve device
consisting of a graphene connected by two FM leads and investigated a 10% change in
resistance as the electrodes switch from parallel to antiparallel state.

Fig. 7. Graphene showing the 2-D network of sp2bonded carbon atoms.

Experimentally, there have been few evidences for spin-polarized transport in graphene
spin valves [89]. Wang et al investigated the magnetoresistance (MR) properties of quasi-
two-dimensional mesoscopic graphite (MG) spin valve devices consisting of flakes with
thickness between 1 and 40 nm (3 to 100 layers of graphene) contacted by two ferromagnetic
electrodes and observed signatures of spin-polarized transport for MG flakes in the
thickness range 10-40 nm. For devices in which an ultrathin magnesium oxide (MgO)
tunnel barrier is inserted at the FM/MG interface, the spin valve effect has been observed
with MR magnitudes up to 12% at 7 K and signals persisting up to temperatures as high as
60 K. In contrast, the spin valve effect has not been seen in devices without MgO, suggesting
the importance of spin-dependent interfacial resistance for spin injection into MG [90-92].
Investigation of the voltage bias dependence of the MR finds a reduction of the MR with
increasing voltage and a correlation with the differential conductance. Finally, the spin valve
signal exhibits oscillatory MR as a function of gate voltage [93-95].
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6. Carbon nanotubes based MTJs

Carbon nanotubes (CNTs) [96] are molecular tubes of carbon with outstanding properties
(Figure 8). They are among the stiffest and strongest materials known, and have remarkable
electronic behaviour and many other unique properties. They are attractive for spintronic
devices due to their nanoscale size, extremely large spin flip scattering lengths and because
they can behave as one-dimensional ballistic quantum conductors [97-102]. Experimental
investigations on coherent spin transport through Co-contacted CNTs showed that spin can
be coherently transported over 130 nm through the carbon nanotube [103].

Fig. 8. Image of a carbon nanotube.

6.1 Fabrication of vertically aligned carbon nanotubes

Various conventional methods have been used to grow CNTs, including arc-discharge, laser
ablation, and chemical vapor deposition (CVD). However, only chemical vapour deposition
(CVD) methods allow the controlled growth directly on a substrate, which is important for
many applications, especially as the individual manipulation of CNTs is difficult and
expensive, due to their reduced size. The orientation of CNTs is highly important in
achieving the maximum benefit of its property. The ability to pattern or position carbon
nanotubes (CNTs) with a vertical orientation in controlled arrays has been demonstrated by
many researchers [104-106]. Conventional plasma enhanced (PE) CVD is an established
technique for the synthesis of vertically aligned CNTs[107-110]. Selective, aligned growth of
CNTs on silicon and glass substrates has been demonstrated by plasma enhanced chemical
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vapor deposition. However, despite the high level of control, PECVD growth typically
involves processing temperatures over 900 °C, which significantly limits the choice of the
possible substrate materials and the integration processes. Bonard et al® have demonstrated
in their work that the enhanced field emission factors of individual CNTs (30 000-50 000) are
very large, when compared to the CNT films (1000-3000) [111-112]. The smaller field
emission factors in the CNT film have been considered a consequence of the effect of the
planar substrate supporting the CNT film. The field-enhancement factors of dense CNT
films were even smaller because the electric field on one tube is screened by the proximity of
neighboring tubes.

We reported the selective growth of VACNTSs on large area copper substrates using a
double plasma hot-filament chemical vapour deposition system (DP-HFCVD) [JNN paper
113]. We employed our modified HF-CVD system (Figure 9) for the deposition of large area
(1-1.5 inch?) carbon nanotubes onto nickel electroplated copper substrates. The system
employed three independent power supplies, which were used to generate two independent
plasma glow discharges within the vacuum chamber. The system consisted of two parallel
molybdenum plates sandwiching a resistive tantalum filament. Each of the two
molybdenum plates was electrically biased, either positively or negatively, with respect to
the filament, in order to generate the two glow discharges. The precursor gases used were
methane and hydrogen (gas flow: 46/200 sccm) at 7 mbar. The DC voltage (0-600 V) was
applied between the upper substrate electrode and the filament. The filament power was
maintained at 600 W and the substrate temperature (650 °C) was measured using a sealed
thermocouple placed inside the substrate holder immediately beneath the substrate.

The growth of the CNTs involves three processes: (i) substrate pretreatment, (ii) nucleation
and (iii) the actual growth of the CNTs.

(i) A 0.8 mm thick flat copper substrate with 98% purity was treated by sand blasting and
then cleaned in ultrasonic acetone bath. The cleaned substrate was subsequently
electroplated with nickel in a nickel sulphate bath. The copper substrates were used as the
cathode and a nickel rod served as the anode. The 50 nm nickel coated copper substrates
were subsequently transferred to the HF-CVD chamber and the chamber was purged by
100 sccm hydrogen gas for a few hours.

(ii) For the nucleation, the substrates were exposed to hydrogen plasma, promoting the
etching of the catalyst and enabling the formation of nickel nano-clusters.

(iii) Finally, the CNTs were grown with hot filament power in the presence of precursor
gases, methane and hydrogen.

The morphology of the CNTs deposited at different times was examined using SEM
microscopy. Figure 10 shows the SEM image of CNTs deposited by DP-HFCVD (a) and
conventional CVD (microwave) (b) in 2 hours. Unlike the conventional CVD CNTs, the DP-
HFCVD CNTs appeared highly dense and were grown perpendicular to the substrate. It is
reported that the growth rate in plasma enhanced (PE)CVD is generally slower than that in
thermal CVD, which may be partly due to the atmospheric pressure operation of thermal
CVD [114]. The CNTs grown by DP- HFCVD system also showed a slow growth rate and,
taking almost 2 hours to form a forest of tubes. Bower et al [115] showed the effect of the
electric field on the alignment of nanotubes unambiguously in a microwave plasma of
acetylene and ammonia. Initially, when the plasma was on, their multiwalled (MW) CNTs
were vertical; when growth proceeded with plasma off (in a thermal CVD mode), the
nanotubes were found to be curly or randomly oriented. They also found that nanotubes
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always grew perpendicular to the substrate surface regardless of the substrate position or
orientation. Since their work, a number of articles have appeared, considering the general
orientation of PECVD-grown nanotubes better than the results from thermal CVD [116].
However, all these works were concentrated only on vertical alignment of the tubes, and the
adherent properties of the tubes were ignored.

Refracrory grid
for Bas

b 4

@

Goc Inlet

Fig. 9. Computer drawing of DP- HFCVD system.

The quality of the CNT was confirmed by Raman Spectroscopy. Figure 11 shows the micro-
Raman spectra for samples (a) VACNT and (b) conventional CVD. The most prominent
features in the first-order Raman spectra were observed for both the samples positioned at
around 1570cm! (G band) and 1350cm? (D band). The peaks positioned at 1350 cm-!
represent the disorder-induced phonon mode (D-band) and the strong peak at 1577 cm! (G-
band) can be assigned to the Raman-allowed C-C phonon mode (E2g-band) [117]. A small
difference in the D and G peak positioning was noted with these samples and we attribute
this to the structural differences in the tubes.
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Fig. 10. SEM images of CNTs deposited by (a) DP-HFCVD and (b) Conventional CVD
(micro-wave) in 2 hours.
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Fig. 11. Micro-Raman spectra of VACNT.

6.2 TMR in CNT based spintronic devices

Since its discovery, a large number of nanodevices such as single electron transistor, Light
emitting diode, field effect transistor has been demonstrated. However, these devices are
based on charge of the electron. TMR characteristics have already been measured in CNTs
both experimentally and theoretically [118]. K Tsukagoshi et al [103] demonstrated the MR
in a single CNT contacted by ferromagnetic metal electrodes. The spintronic devices
exhibiting TMR using ferromagnet-contacted single walled carbon nanotubes (SWCNTs)
have been demonstrated by A. Jensen et al [118]. Most of the reports on CNT-TMR system
are mainly based on single carbon nanotube contacted to bulk ferromagnetic material by an
ex-situ method [119-121]. The TMR effect is also known to be sensitive to the tunnel
barrier/electrode interface. The barrier sensitivity may be more evident in a system with
single CNT. De Teresa et al [122] studied ferromagnetic MT] with various barrier materials
and found that even the sign of the TMR depends on the barrier materials. S. Yuasa et al
[123] also investigated the effect of crystal anisotropy of the spin polarisation on MTJ using
single crystal iron electrodes of various crystal orientations. They found a clear crystal
orientation dependence of the TMR which might reflect the crystal anisotropy of the
electronic states in the electrodes.

The current authors followed a different approach for the development of a potential MT]
device. The details are discussed below.

Figure 12 shows the Field-Emission Scanning Electron Microscopy (FE-SEM) image of the
MTJ system fabricated by the current authors. The Ni nanoparticles (on top, ~lpm in
thickness) deposited on top of the VCNTs are apparent in figure 12. High density well
aligned MWCNTs with length larger than 2 um are apparent in the image. The details of the
substrate pre-treatment method, the formation of nanoclusters and the synthesis of
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vertically aligned MWCNTs on nickel plated copper substrate using a double plasma
method is reported in our previous paper [124]. Energy Dispersive X-ray microanalysis
(EDS) attached to the FE-SEM reveals Ni nanoparticle deposition on the top surface of
VCNTs. The magnified FE-SEM images of the green dashed square areas marked by 1 and 2
in Figure 12 are illustrated in inset. Unlike CNTs grown by conventional techniques,
VCNTs grown by DP-HFCVD technique are short (~ 2um), isolated and vertically aligned to
the substrate. The green dotted square area 1 illustrates the VCNTs covered by nano nickel
paticle. However, the particles are less in the lower portion of the sample (Green dashed
square area 2).

N
!

CHT4 S5 25.8kYV X38.8K 1.88u0m

Fig. 12. FE-SEM image of the VCNT sample deposited with nickel nanoparticles. The inset
shows a magnified FE-SEM image displaying isolated VCNTs.

TMR/GMR is known to originate from spin interaction between the magnetic and
nonmagnetic particle at the interface and are related to the coercivity value [125]. To probe
the magnetic properties, the field dependence of the magnetization was measured using a
superconducting quantum interface device (SQUID) [126]. Figure 13a shows magnetization
vs. applied magnetic field for nickel nanoparticle deposited VCNTs at 2 K and 300 K,
respectively. It indicates that the sample exhibits ferromagnetic behaviour with a hysteresis
loop at 2 K and 300 K, respectively. The saturation magnetization (M), coercivity (H.), and
remnant magnetization (M;) for both temperatures are summarized in Table 1. The
saturation magnetization values and coercivity for nickel nanoparticle deposited VCNTs
shows a decrease from 5.3 to 4.4 emu g1 and 395 to 115 Oe, respectively, with the increase of
temperature, indicating a characteristic ferromagnetic behaviour. To gain a better
understanding of the magnetic behaviour of nickel nanoparticle deposited VCNTSs, we have
performed zero-field-cooled (ZFC) and field cooled (FC) magnetization measurements. For
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the ZFC measurement, the nickel nanoparticle deposited VCNTs sample is first cooled from
300 to 2 K in zero magnetic field. On the other hand, for FC measurements, the sample is
cooled in the magnetic field (25 Gauss) from 300 to 2 K, and later the magnetization is
measured in the warming cycle keeping the field on. Figure 13b shows the temperature
dependence of ZFC and FC measurements under the applied magnetic field of 25 Gauss for
nickel nanoparticle deposited VCNTs which exhibits the main features of ferromagnetic
behaviour [127]. The blocking temperature Tp (transition temperature from ferromagnetic to
superparamagnetic state) peak can be observed in ZFC curve at about ~44 K. The low value
of Tp is directly in agreement with smaller size of nickel nanoparticles randomly deposited
on the VCNTs [128,129].
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Fig. 13. (a) Magnetization vs. applied magnetic field for nickel nanoparticles deposited
VCNTs at 2 K and 300 K. The ferromagnetic behaviour of the sample is apparent from the
hysteresis (b) Temperature dependence of ZFC and FC measurements under the applied
magnetic field of 25 Gauss for nickel nanoparticle deposited VCNTs.
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T/K M;/emu g H./Oe M,/emu g
2 53 395 1.6
300 44 115 0.6

Table 1. Ms, H,, M, for Ni nanoparticle deposited VCNTs at 2 K and 300 K.

Figure 14 shows the simplest schematic configuration of the VCNT sample with a STM tip.
The nickel substrate act as a source that can generate a current of spin polarised electrons,
VCNTs act as a spacer that can transport spin polarised current and the nickel nanoparticle
deposit act as a sensor that can detect the spin polarised current. The STM tip acts as contact
to the top electrode and the Au to the bottom electrode. The magnetisation of the source
defines the spin direction of the charge carriers injected into the CNTs and the nickel coating
serves as a spin detector. Upon reversing the magnetisation direction of one of these
electrodes, the spin polarisation of the charge carriers arriving at the detector electrode will
be changed, giving rise to a change of the device resistivity, i.e., a magnetoresistance.

Nickel
Nanoparticles
(10-15 nm)

;10T S—

Si&ll IWCNTs

Fig. 14. Schematic diagram of spintronic devices.

Figure 15a shows the current-bias voltage (I-V;) curves of the sampleat H=0Tand H=2T
at 300 K. The Coulomb blockade region is observed between -1 V to 1 V and a stepwise
increment of the current (CS) is observed beyond the CB region. The (I-V;) curves exhibit
similar features at zero and applied magnetic field (parallel and antiparallel configuration).
The similarity in (I-V;) at zero and applied field is reported in literature. The magnified
portion of the green dotted square in the (I-V}) curves is shown in Figure 15b. A clear CS is
apparent in Figure 15b. The dI/dV vs. V, plot (see Figure 15c) exhibits clear peaks in a
periodic pattern beyond CB. The dI/dV vs. V; plot in the range (-1.9 to -1 V;) showing clear
periodic pattern is illustrated in the inset of Figure 15c. The bias voltage (V;) dependence of
MR derived from the normalised I-V} curves shown in Figure 15d. The oscillation of MR as a
function of bias voltage is observed.
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The ~ null current in the CB region and the CS beyond CB region are clear indications of the
SET phenomena. The SET phenomena and the associated MR occur only if the transport of
electrons from one electrode to another is inhibited due to the extremely high electrostatic
energy e%2C (e = charge of electron and C is the capacitance) of a single electron compared
to the thermal energy kzT. When the bias voltage increases and exceeds the threshold Vi =
¢/2C, the current starts to increase. If the resistance of two junctions are similar (R1~ R2), the
current increases smoothly with bias voltage. A fluctuation in current is expected if there is
difference between the resistances of two junctions. Interestingly, if the difference between
the two junction resistances is very large (R1»R2 or R1«R2), the current increases stepwise
(CS) with bias voltage depending on the number of electrons accumulated on the spacer. In
that case, the tunnelling process in a current-biased junction is no longer random, but
becomes more or less coherent (single electron tunnelling), at a frequency v = I/e. As a result
the voltage across the junction will oscillate with the same frequency, and could in principle
be used to define a quantum standard for the current.
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Fig. 15. (a) I-Vy, curves of the sample at H=0and H =2 T at 300 K, (b) themagnification of
the I- Vy, (c) the dI/ dV vs. Vb plot of the sample at H= 0 T. (d) The MR % calculated from I-
Vi, curves. The inset of (c) shows the I-Vb curve in the range -1.9 to -1 Vb.

The calculation of capacitance C is also crucial in determining the TMR effect. We have
calculated the capacitance C from the period of dI/dV curve. The peaks show a periodic
pattern with a period of AV = 102.0 £1.8mV. Assuming AV = ¢/C, the capacitance is
calculated as 1. 5705 x 1018 F. Our result is in agreement with the work of A. B Mantel et al.4
who has studied the spin injection in a single cobalt nanoparticle tunnel junction and they
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obtained C value as 1.14 108 F. The C value calculated by us is consistent with the
ferromagnetic nanoparticle tunnel junctions which confirm that the MR effect is due to the
spin injection from nickel electrode into the non ferromagnetic CNT and spin detection by
the nickel nanoparticle. The MR of the sample was also confirmed by low field
measurements (Figure 16). The low field measurements were performed from 100 to 100 Oe
and back to 100 Oe. The resistance peak appears as the field moves through zero and it
shows a change of resistance from the parallel to antiparallel alignment of the
magnetizations.

48]
o
T

R (k Ohm)
&

8o
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Fig. 16. Schematic of spintronic device showing vertically aligned carbon nanotubes (VCNT)
deposited with nickel nanoparticles.

100 -75 -50 -25

7. Conclusion

The development of room temperature spintronic devices is very motivating for future
digital world. Spintronic devices can lead to advances in microelectronics creating faster and
high capacity data storage-devices with less power consumption. The spin of the electrons
can easily be manipulated in MT]J structures achieving novel phenomena of TMR and SET.
However, bringing new or improved MT]Js to market requires theoretical modeling and
rapid assessment of the effect of enhanced material properties. Carbon nanotubes (CNTs)
are ideal spin transporters due to their unique electronic properties.
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