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Preface

Ferromagnetic single-electron transistors (FMSETs) have attracted much interest
as novel functional devices. Since ultra-small ferromagnetic tunnel junctions have the
tunability of the interplay of spin and charge, FMSETs are able to control the
modulation amplitude of the tunnel magnetoresistance (TMR). In RC-coupled FMSETs,
several metastable charge states within the Coulomb blockade range cause a clear
hysteresis of TMR, suggesting the multivalued functions of the device. For the
fabrication of the FMSETs, novel lithography techniques are also required because of
the nanometer-scale dimensions of the devices. We have investigated the novel
nanofabrication techniques using scanning probe microscopy (SPM) and
electromigration (EM). In these methods, one can easily obtain insulating barrier with a
feature size of around several nm, which strongly suggests that lateral or planar-type
ferromagnet/insulator/ferromagnet (FM/I/FM) tunnel junctions can be obtained using
this unique fabrication process.

The reaction mechanism of the SPM local oxidation is considered to be anodic
oxidation, and this oxidation process proceeds through an electrochemical reaction
driven by a negative bias voltage applied to the SPM tip. The voltage applied to the tip-
sample junction results in a high electric field, which attracts a stable water meniscus
from the water absorbed on the sample surface to the tip-sample junction. Thus the high
electric field creates oxyanions from water molecules, and transports these oxyanions
through the growing oxide film. In this dissertation, we study the electrical and
magnetoresistive properties of planar-type Ni-Ni oxide-Ni ferromagnetic tunnel

junctions, which are the basic single-barrier structure of the FMSETs. In order to induce



magnetic shape anisotropy, Ni channels were constricted by focused ion beam and
photolithography before formation of Ni oxide barriers. The resistance of planar-type
Ni-Ni oxide-Ni ferromagnetic tunnel junction was change by applying a magnetic field,
and magnetoresistance (MR) ratio exhibited above 100 % at 16 K. With increasing the
bias voltage at 16 K, the MR ratio was decreased. Furthermore, the MR ratio at 0.5 mV
decreases with increasing the measurement temperature. This result implies that planar-
type ferromagnetic tunnel junctions have potential use as nanoscale magnetoresistive
elements.

We propose a stepwise feedback-controlled electromigration (SFCE) for the
fabrication of planar-type Ni-Vacuum-Ni ferromagnetic tunnel junctions.
Electromigration, which is refers to the transport of mass in conducting subjects induced
by large current density, has been known to be a major failure mode of integrated
circuits. Using the SFCE approach, a wide-range control of the resistance of metal
nanowires was achieved ranging from metallic regime to tunneling regime without
catastrophic breaks of the nanowires. Tunneling properties were obtained from the
devices formed by SFCE technique. Moreover, MR ratio of approximately 4 % also
exhibited at 16 K. These results imply that the nanogaps fabricated by SFCE procedure
act as vacuum tunnel barriers in planar-type ferromagnetic tunnel junctions.

We have also investigated novel technique using electromigration for the
fabrication of nanogaps with separation of less than 10 nm. This technique is based on
the motion of atoms caused by field-emission-induced electromigration (activation).
The tunnel resistance of the nanogaps was controlled by the magnitude of the preset
current during activation procedure and decreased from the order of 100 TQ to 100 kQ

with increasing the preset current from 1 nA to 150 pA. The nanogaps formed by this
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technique act as vacuum tunnel barriers in planar-type ferromagnetic tunnel junctions.
The resistance of planar-type Ni-Vacuum-Ni ferromagnetic tunnel junctions was
changed by applying a magnetic field, and MR ratio exhibited above 300 % at 16 K.
Furthermore, the devices formed by the activation with the preset current from 100 nA
to 1.5 pA exhibited Coulomb blockade phenomena at room temperature. Coulomb
blockade voltage of the devices was clearly modulated by the gate voltage quasi-
periodically, resulting in the formation of multiple tunnel junctions of the SETs at room
temperature. With increasing the preset current, the charging energy of the SETs was
decreased from 1030 meV to 320 meV. These results strongly suggest that the activation
technique is possible to fabricate planar-type ferromagnetic tunnel devices with vacuum

tunnel barriers.
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Chapter 1

Overview and Objective of This Research

60 years ago, the Shockley group at Bell Laboratories was frantically attempting
to prove the concept of the field-effect transistor [1, 2]. The revolutionary idea promoted
by Shockley was that a (metal) gate, place in the close vicinity of a semiconductor
material, can induce a charge in the surface conductivity. In order for such a
conductivity modulation to be discernible, a very thin semiconductor slab was needed as
well as two pressure probes serving as drain and source contacts. The first transistor
consisted of a thin Ge slab, gate SiO, insulator, and an Au gate. After a series of more or
less successful attempts and manipulation hazards, Bardeen, Brattain, and Shockley
ended up demonstrating transistor action and brilliantly elucidating its secret: the
predictable metal oxide semiconductor (MOS) transistor turned out to operate as a
bipolar transistor.

MOS field effect transistor (MOSFET) devices have dominated computer
technologies for several reasons including their low operating voltages, low power
consumption, high speed and the ease with which they have been scaled down in
dimension. Indeed, in the past MOSFETs could be scaled down simply by shrinking
each component part by a constant factor and operating the devices as usual.
Unfortunately, it is not at all certain that the operating principles of the MOSFET will
scale as the size decreases even below 10 nm. As the n-p-n regions in the transistor
shrink, their ability to control the flow of electrons is overcome by the quantum
mechanical probability that the electrons simple tunnel through the n-p interface.

Furthermore, as the transistor density increases, the probability that an electron can



tunnel between neighboring transistors increases. These tunneling processes cause error
in data manipulation and storage. There is also concern that as the size of a MOSFET
decreases, the ability to make any two transistors with the same electronic properties
will be lost.

In the scaling of complementary MOS (CMOS) transistors into the deep sub-10
nm regime, both fundamental limits and technological challenges are encountered. In
order to extend the prodigious progress of large scale integration (LSI) performance in
this regime, it is essential to introduce into future LSIs new devices having an operation
principle, which is more effective at smaller dimensions than is the operation principle
currently employed. Single-electron transistors (SETs) are promising candidate for new
nano-scale devices, because SETs has the good scalability as well as the low-power
property.

On the other hand, magnetoresistance is one of several relatively new phenomena
that have contributed to the growth of the young field of ‘spintronics’. Spintronics can
be defined as the art and science of utilizing the spin of the electron (as well as its
charge) to accomplish some purpose. The birth of spintronics can be dated from 1988
when groups led by Albert Fert and Peter Griinberg independently discovered the
phenomenon of giant magnetoresistance (GMR) [3, 4]. Their contribution was
recognized at 2007 by the award of the Novel Prize in physics. GMR is a change in the
resistance of a magnetically inhomogeneous material when an applied magnetic field
brings the magnetic moments of the material into alignment. The magnetically
inhomogeneous system usually consists of a magnetic multilayer in which the layers are
typically a few nanometers in thickness. It is useful and customary to divide GMR into

two major types, Current in the Plane (CIP) GMR and Current Perpendicular to the



Plane (CPP) GMR. The physics of these two types of GMR are quite different. The type
of GMR first observed by the teams led by Fert and Griinberg is CIP GMR.

Tunnel Magnetoresistance (TMR) is geometrically similar to CPP-GMR. The
difference is that the nonmagnetic metallic spacer layer is replaced by an insulator or
semiconductor. It would appear that band-matching between one of the spin-channels
and the spacer layer (the origin of CPP GMR) can no longer occur because there are no
bands at the Fermi energy in an insulator. For this reason (as will be described below)
the theory of TMR was based on the Fermi energy density of states of the ferromagnetic
electrodes. Somewhat surprisingly, as will also be described below, it turns out that a
new and different kind of band matching can occur and this can be used to achieve a
very large ratio of tunneling conductance between parallel and anti-parallel alignment of
the spins.

Tunneling magnetoresistance was first reported by Julliere in 1975 [5]. Julliere
made a Co—Ge-Fe sandwich and measured the change in electrical resistance on
switching the relative alignment of the Co and Fe magnetic moments from parallel to
anti-parallel. He reported a 14% increase in resistance at a temperature of 4.2 K. This
short paper is also famous for the introduction of the Julliere model for TMR which
continues to be the most often used theory for analyzing the results of TMR experiments.
Julliere’s work may have been inspired in part by the work of Tedrow and Meservey [6]
who had earlier measured the spin-dependence of tunneling currents through an
amorphous aluminum oxide tunnel barrier separating various ferromagnetic electrodes
from superconducting aluminum. After the discovery of GMR in 1988, tunneling
magnetoresistance received much more attention. In 1995 Miyazaki et al/ [7] and

Moodera et al [8] independently reported TMR in excess of 10% at room temperature.



This was sufficient to make TMR interesting for applications.

Recently, ferromagnetic single-electron transistors (FMSETs) have drawn much
attention as magnetoresistive nanoscale devices. Typical FMSETs are consisted of two
ferromagnetic tunnel junctions and ferromagnetic quantum dot. In this devises, the
interplay of single-electron charging and spin-dependent tunneling effects in FMSETSs is
currently an attractive topic for both experimental and theoretical studies. The enhanced
TMR in the FMSETs has been reported in some experimental studies at low temperature
[9-12]. In the theoretical work, the enhancement of the TMR in the ferromagnetic tunnel
junctions with a small ferromagnetic metal island has been attributed to contributions
from cotuuneling processes [13-16]. These reports imply that a new functionality of the
FMSETs.

There are eight chapters through this dissertation, and overview of this
dissertation is shown in Fig. 1.1. Following this chapter, characteristics of ferromagnetic
single-electron transistors are described in Chapter 2. In this chapter, transport
properties of the electron in C-, R- and RC-coupled FMSETs are calculated using the
Monte Carlo method, which is suitable for the treatment of the stochastic tunneling
process. The higher-order tunneling processes are also considered in the calculation.

The Chapter 3 describes development of fabrication techniques for nanoscale
devices. In this chapter, novel methods are proposed such as scanning probe microscopy
(SPM) local oxidation, stepwise feedback-controlled electromigration (SFCE), and
field-emission-induced electromigration (activation), for fabrication of planar-type
ferromagnetic tunnel junctions.

In Chapter 4, planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junctions

fabricated by SPM local oxidation technique are described. In order to induce magnetic



shape anisotropy, Ni asymmetrical channels were patterned by focused ion beam and
photolithography method before formation of Ni oxide wires. Non-linear current-
voltage (I-V) and magnetoresistive (MR) properties were obtained from planar-type Ni-
Ni oxide-Ni ferromagnetic tunnel junctions at 16 K. The results imply that Ni oxide
wires formed by SPM local oxidation act as an insulating barrier for the electron.

Chapter 5 and 6 discuss planar-type Ni-Vacuum-Ni ferromagnetic tunnel junctions
formed by stepwise feedback-controlled electromigration (SFCE) and field-emission-
induced electromigration (activation). These techniques can fabricate the gaps with
nanometer scale and control the separation of the gaps. This implies that nanogaps act
as vacuum tunnel barriers in planar-type ferromagnetic tunnel junctions. Tunneling
transport and MR characteristics are obtained from planar-type Ni-Vacuum-Ni
ferromagnetic tunnel junctions at 16 K.

Planar-type single-electron transistors (SETs) fabricated using activation are
described in Chapter 7. The devices formed by activation technique exhibited Coulomb
blockade phenomena at room temperature. Since the activation technique is based on
the motion of the atoms, islands of SETs can be directly formed. Moreover, the charging
energy and the number of islands of the SETs are controllable by the magnitude of
current during activation procedure.

Finally, concluding remarks of this study are summarized at last part, Chapter 8.
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Chapter 2

Theoretical Prospects of
Ferromagnetic Single-Electron Transistors

2.1 Introduction

The manipulation of single electron was demonstrated in the seminal experiments
by Millikan at the very beginning of the century, but in solid-state circuits it was not
implemented until the late 1980’s, despite some important earlier background work [1,
2]. The main reason for this delay is that the manipulation requires the reproducible
fabrication of very small conducting particles, and their accurate positioning with
respect to external electrodes. The necessary nanofabrication techniques have become
available during the past two decades and have made possible a new field of solid-state
science and technology: single electronics.

Single-electronics, which is based on the discrete charge of the electron, is the
ultimate in miniaturization and electro-sensitivity. Capacitively and resistively coupled
single-electron transistors (C- and R-SETs) were first reported by Likarev in 1987 [3].
Since the structure of a C-SET is easily realized experimentally, it has been studied in
great detail. In R-SETs, the gate resistance should be much larger than the quantum
resistance to prevent quantum fluctuations in island charge.

Spintronics, which is based on manipulating electron spins [4], delivers high
magneto-sensitivity and nonvolatile memory effect. The potential of hybrid single-
electronic/spintronic devices and the fundamental importance of spin phenomena at

nanoscale have motivated number of studies of spin transport in the Coulomb blockade



regime [5-9].

The potential of hybrid single-electronic/spintronic devices and the fundamental
importance of spin phenomena at nanoscale have motivated number of studies of spin
transport in the Coulomb blockade regime. Furthermore, Shirakashi and Takemura
proposed three types of FMSET which is coupled to the controlling gate potential V, by
the gate capacitance C, (C-FMSET) [10], the gate resistance R, (R-FMSET) [11], and
R, and C, in series (RC-FMSETs) [12].

In this chapter, fundamental properties and magnetoresistance properties of

FMSETs are described.



2.2 Fundamental Characteristics of SET

Consider the simplest system (Fig 2.1) with two electrodes forming the tunnel
junction and electrically disconnected from the environment. Let a single electron cross
the tunnel barrier. The resulting change 4V = e/C of the junction voltage, where C is the
junction capacitance, is typically very small.

If the tunnel junction area becomes very small or the temperature becomes very

low, the condition

2
e

E.=—>>k,T, 2.1
by 8 (2.1)

can be fulfilled. For 100 nm scale devices, which were typical for the initial stages of
experimental single electronics, charging energy E. is of the order of 1 meV, i.e., ~10 K
in temperature units. Sine thermal fluctuations suppress most single-electron effects
unless

E. >10k,T (2.2)
these experiments have to be carried out in the sub-1 K range (typically, using helium
dilution refrigerators). In this case the situation can change radically, provided that the

tunnel resistance Ry of the junction is low as well:

n
82

R, = ~26.5kQ, (2.3)

where £ is Plank constant. The change of the electrostatic energy W due to the tunneling

event is given by

_Q_z_M_—ﬁ[ zj
AW =2 = F | 0, (2.4)

where Q is the net electric charge of the junctions of a capacitor. If Q is located within



the Coulomb blockade range of

e e
_fc0<l, 2.5
293 2

any tunneling event would increase the energy (Fig. 2.2) and is hence impossible at 7=
0. The physical reason of this effect is quite simple: the dominating contribution to the
system energy if the electrostatic energy Q°/2C of the junction.

Figure 2.3 shows schematic of capacitively coupled SET. SET consists of source,
drain, gate, and island electrodes. A DC voltage V applied between the two parts of the
external electrode. The device is reminiscent of a usual MOSFET, but with a small
conducting island embedded between two tunnel barriers, instead of the usual inversion
channel. In an array of two junctions an electron is transferred via one intermediate state,
in which an extra electron of hole charges the central metal electrode between the two
junctions. The Coulomb energy of this intermediate state is equal to £, or E; if the first

tunneling event occurs across the left or right junction, respectively:

2 2 2
O +Q—2—Q6V -9 —Q.V +const., (2.6)
2C, " 2C, 2C,

W(n,n,)=

where Cy = C; + (5, C; is the capacitance of the left junction, C, of the right junction,
Q) is the charge of the left junction, and Q; is the charge of the right junction. Q, is the

charge passed through the DC voltage source, which is given by

0, = e(n1 % +n, %j + const., (2.7)

z z
where n; and n; is the numbers of electrons passed through the left junction and right

junction. The same numbers 7, , participate in an expression
O=en+(Q,, n=n—n,, (2.8)

for the net charge of the island electrode. Here Q) is a sum of the charge injected from

10



gate electrode.

AW = W(nl,nz)—W(n1 +1,n,)
0 (0se) ,eC,,

= + (2.92)
2C,  2C, G,
e e
=—-<——+Fne+ +C,V
CZ{ 2 ( Qn) 2 }
AW} :i{—fi(ne+Q0)i CIV} (2.9b)
c, | 2

Figure 2.4 shows the phase diagram of the double junction SET. The straight lines
correspond to the equations AW; ;- = 0 for various of n. Within each rhombic-shaped

region covering the Q) axis there exist some value of n, which provides the equilibrium

state of the junction (AW;" <0, AW," < 0).
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Insulator
Metal l Metal

NV

AQ=¢e
AV =e/C

+Q -Q

Fig. 2.1. The simplest system exhibiting the Coulomb blockade of tunneling, an isolated
tunnel junction with a small capacitance C, before and after a single-electron tunneling
event.
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Fig. 2.2. Energy diagram illustrating the physical origin of the Coulomb blockade of
tunneling. The dashed lines show energy-disadvantageous tunneling events, while the
solid line shows the energy favorable event possible at Q > e/2 and Q < -e/2.
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Drain Source
-V/2

Fig. 2.3. Schematic of capacitively coupled single-electron transistor.
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Fig. 2.4. Phase diagram of the double junction with the single-electron tunneling. The
central rhombuses correspond to the Coulomb blockade of tunneling for various
equilibrium values of n.
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2.3 C-coupled FMSET with Multiple Tunnel Junctions

Figure 2.6 shows a ferromagnetic single-electron transistor with multiple tunnel
junctions. Source, drain, and island electrodes are ferromagnetic metals. The
magnetization of each electrode takes its ferromagnetic alignment for the applied
magnetic field (parallel configuration). In zero magnetic field, the electrode
magnetization usually shows the antiferromagnetic alignment (antiparallel
configuration). The gate electrode is capacitively coupled on each island electrode. The
tunnel resistance of each tunnel junction is determined by spin-dependent tunneling,
which is R, for the ferromagnetic alignment and R,,, for the antiferromagnetic alignment.
In other words, the polarization of the source, drain, and islands can be taken into
account by the difference between the tunnel resistances R, (parallel) and R,
(antiparallel) in each tunnel junction.

By assuming a Ni-NiO-Ni tunnel junction system with the spin polarization Py; =
0.23, and the tunnel resistance under the ferromagnetic alignment R, = 100 k€, the
tunnel resistance under the antiferromagnetic alignment is given by R,, = Rp(1 +
Prid)/(1 - Pni®) = 111 kQ. The capacitance of the tunnel junction C; 1s also assumed to be
1 aF. The number of the junction N is changed from 2 to 5. For simplicity, all of the
tunnel junctions have the same parameters. The gate capacitance C, is also assumed to
be 0.5 aF. Using these tunnel junction parameters, the charging energy Ec¢ of a
ferromagnetic single-electron transistor with a double tunnel junction (N = 2) becomes
26.7 meV, suggesting that the operation temperature 7" should be below ~30 K for the
observation of the single-electron charging effects. All calculations in this study are
done using the Monte Carlo method, which is suitable for the treatment of the stochastic

tunneling process. The higher-order tunneling processes are also considered in the
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calculation.

Figure 2.7 shows drain currents for parallel and antiparallel configurations and
tunnel magnetoresistance (TMR) as a function of the drain voltage on a double junction
ferromagnetic single-electron transistor. In this result, the temperature and the gate
voltage are set at 7= 1 K and V, = 0 V, respectively. From the figure, the Coulomb
blockade is seen around the drain voltage of ~0 V. The TMR in which the Coulomb
blockade is released shows 11 %, which is the same as the value expected from Py; =
0.23. However, the TMR is enhanced to 23 % under the Coulomb blockade regime.
Drain currents and TMR as a function of the gate voltage are shown in Fig. 2.8. Here
the drain currents oscillate with the gate voltage, since the Coulomb blockade
periodically repeats ON and OFF by sweeping the gate voltage. The drain current still
shows few nA when the Coulomb blockade is ON, which is caused by the inelastic g-
MQT process, i.e., cotunneling. The TMR is enhanced from 11 % to 23 % as the
Coulomb blockade state is changed from OFF to ON. Therefore the TMR also has the
oscillation characteristics on the gate voltage.

Figure 2.9 shows the TMR as a function of the gate voltage for different drain
voltages on the double junction ferromagnetic single-electron transistor. From this, the
TMR in each drain voltage is well-modulated by the gate voltage. In addition, the gate
voltage width showing the enhanced TMR is decreased with increasing the drain
voltage. This is due to the fact that the drain current under the OFF state of the Coulomb
blockade becomes broad with increasing the drain voltage. It should be noted that by
using a ferromagnetic single-electron transistor structure, the TMR could be modulated
by the gate voltage, and, the phase of the modulated TMR could also be controlled by

the drain voltage.
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Figure 2.10 shows the TMR as a function of the gate voltage for different numbers
of the junctions Although the TMR is 11 % when the Coulomb blockade is OFF, the
TMR is clearly enhanced under the Coulomb blockade On and is further increased with
increasing the number of the junctions N; 23 % (N = 2), 37 % (N = 3), 52 % (N = 4),
and 70 % (N =5). This means that in addition to the tuneability of the TMR on the gate
and drain voltages, the enhancement of the TMR may be adjusted by varying the

number of the junctions.
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Fig. 2.6. Schematic of a ferromagnetic single-electron transistor with multiple tunnel
junctions.
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2.4 R-coupled FMSET

Figure 2.11 shows a resistively coupled ferromagnetic single-electron transistor
with double tunnel junction. The source, drain and island electrodes are ferromagnetic
metals. We assume that electrode magnetization usually shows antiferromagnetic
alignment in zero magnetic field (antiparallel configuration) and takes ferromagnetic
alignment with the application of a magnetic field (parallel configuration). The gate
electrode is resistively coupled to the island electrode. The tunnel resistance of each
ferromagnetic tunnel junction is determined by spin-dependent tunneling, which is R,
(parallel) for ferromagnetic alignment and R,, (antiparallel) for antiferromagnetic
alignment. In other words, polarization of the source, drain and island can be taken into
account by the difference between tunnel resistances R, and R,, in each ferromagnetic
tunnel junction.

We consider a Ni-NiO-Ni ferromagnetic tunnel junction system with spin
polarization Py; = 0.23, suggesting TMR = 11 % in the sequential tunneling regime.
Since the tunnel resistance under ferromagnetic alignment is assumed to be R, = 100 k€2,
the tunnel resistance in the antiparallel configuration is given by R,, = R,(1 + Prid)/(1-
Pni?) = 111 kQ. The capacitance of the junction is also assumed to be C = 1 aF. For
simplicity, all ferromagnetic tunnel junctions are made the same. The gate resistance R,
must be greater than the quantum resistance Ry = hle* and is set to 1 MQ (= 10R,). The
charging energy of the R-FMSET becomes Ec = 40 meV from these tunnel junction
parameters, suggesting that the operating temperature should be below 7= ~100 K for
observation of single-electron charging effects. Within the framework of the
semiclassical model [13], the Monte Carlo procedure is used for calculations. In

addition to the rate of single-electron tunneling, the rate of second order inelastic g-
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MQT is naturally considered in the calculation. Moreover, Nyquist noise from the gate
resistance at operating temperature 7 is also taken into consideration.

Drain currents for parallel and antiparallel configurations and TMR as a function
of the drain voltage on an R-FMSET are shown in Fig. 2.12 where the temperature and
the gate voltage are set at 7 = 1 K and V, = 0 V, respectively. From Fig. 2.12, a
Coulomb blockade region corresponding to charging energy of ~40 meV is seen around
drain voltage of ~0 V. Although the TMR shows ~11 % when the Coulomb blockade is
released, as expected, the TMR increased to ~23 % in the Coulomb blockade regime.
This can be explained by the difference in the rate of single-electron tunneling and
inelastic g-MQT (cotunneling).

Figure 2.13 illustrates the drain currents and the TMR as a function of the gate
voltage. The temperature and the drain voltage are set at 7= 1 K and V; = 30 mV,
respectively. One can see that, in contrast to the C-FMSET, the drain currents are not
periodic to the gate voltage because the R-FMSET structure is not influenced by the
background charges described above. Within the Coulomb blockade range,
enhancement of the TMR up to ~23 % can be seen too. Outside the blockade range the
drain current /; and the source current /; may be different because of the finite gate
current /,. Therefore, the TMR depends complicatedly on the gate voltage.

The relationship between the TMR and the gate voltage is shown in Fig. 2.14. The
curves are shifted vertically 10 % for clarity. The TMR outside the blockade is ~0 %
and is not uniformly defined. In contrast, the TMR is enhanced and defined to ~23 %
inside the Coulomb blockade. It should be noted that, by using a resistively coupled
ferromagnetic single-electron transistor structure, the TMR can be modulated and

controlled by the drain and gate voltages.
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Fig. 2.11. Schematic of a resistively coupled ferromagnetic single-electron transistor.

26



2 Junctions (Ni/NiO system)

~ 0.4 [ T=1K . Parallel

T Nt L s e

S o CotaF B '

5 0.2 Rp=100kQ |

= [ Rap = 111 kQ ! 20 4

+ [ Rg=10Rp | =

0 0 15 A
N

| (=}

3 ) >

2 -0.2 o=

: - L ‘

© 5

0 -0.4

MM BT R BTSN EPEETEE BT B 0
-0.15 -0.1 -0.05 0 0.05 0.1 0.15
Drain Voltage Vd (V)

Fig. 2.12. Drain currents and TMR ratio as a function of the drain voltage on a resistively
coupled ferromagnetic single-electron transistor.

27



0'15'"'I""I""I""I""I""I""I""30
- 2 Junctions (Ni/NiO system) 1
~ . Rp =100 kQ & T=1K]
§_ M\ Rap = 111 kQi Vd =30mv {25
- 0.1 :. i C=1aF ;
- | z 2
= L ] z
lq_) 0.05} A 115
: ~
= - i o
= ! o
() L 10—
- + Antiparallel, 1
£ o i r
g [ i L 15
o, TTMR Ll T
-0.05 ....|'\"'.‘|..J'....|....|....|...I.Il'....|.:.-|.'!r0
-0.2 -0.1 0 0. 0.2

1
Gate Voltage Vd (V)

Fig. 2.13. Drain currents and TMR ratio as a function of the gate voltage on a resistively
coupled ferromagnetic single-electron transistor.

28



_ " 2 Junctions (Ni/NiO system)
(Vd =10 mV | T=1K
50 - ! C=1aF
:Vd =30 mV\?N Rp = 100 kQ
40-Vd=50 mV \ Rap = 111 kQ
? [ H Rg=10Rp
~ 30}
X |
z [
= 20

i
OF ™ tnid, L, A
-0.2 -0.1 0 0.1 0.2
Gate Voltage Vg (V)

Fig. 2.14. TMR ratios as a function of the gate voltage at different drain voltages. The
curves are shifted 10 % for clarity.

29



2.5 RC-coupled FMSET

An RC-coupled ferromagnetic single-electron transistor with double tunnel
junction is shown in Fig. 2.15. The gate electrode consists of an RC circuit and it
connects an island electrode with the controlling gate potential. The source, drain, and
island electrodes are ferromagnetic metals. We assume that the magnetization in the
electrodes usually shows antiferromagnetic alignment in a zero magnetic field
(antiparallel configuration) and takes ferromagnetic alignment upon application of the
magnetic field (parallel configuration). The polarization of the source, drain, and island
electrodes can be taken into account by determining the difference between the tunnel
resistance R, (parallel) and R,, (antiparallel) in each ferromagnetic tunnel junction. In
other words, the tunnel resistance of each ferromagnetic tunnel junction is determined
by spin-dependent tunneling, which is R, for ferromagnetic alignment and R,, for
antiferromagnetic alignment, and is treated as junction resistance.

As mentioned above, the RC-FMSET has an R,C, coupling circuit between the
island and the gate potential. Hence, the relaxation time of the coupling circuit affects
the background charge of the double junction system due to variation of the charge at
the coupling capacitance C,. As a result, the charge state of spin accumulation in the
island may be influenced and released by finite current that goes through the coupling
circuit. In addition, the spin-flip relaxation time, which is crucial for the observation of
spin accumulation, strongly depends on the quality of the material of the island [14-17].
Therefore, we assume that the spin in the island is equilibrated [18-20].

We consider a ferromagnetic tunnel junction system with TMR = 20 % under the
sequential tunneling regime, which corresponds to spin polarization P = 0.3. So, if the

tunnel resistance under ferromagnetic alignment is assumed to be R1, = 100 kQ and R2,

30



=5 x Rl, =500 kQ, the tunnel resistance under the antiparallel configuration is given
by R1,, = 1.2 x R1, =120 kQ and R2,, = 1.2 x R2, = 600 kQ. The capacitance of each
ferromagnetic tunnel junction is also assumed to be C1 = C2 = 1 aF. The gate resistance
R, should be greater than the quantum resistance Ry = h/e” and is set to 10 MQ (R, >>
Rl ap), R2(p, ap)). The gate capacitance C, is also given by Co/(C1 + C2) = 3. These
parameters lead to the fact that the energy scale of the quantum fluctuations of the R,C,
coupling circuit 7 / (RyC;) [Where C, = Co(C1 + C2)/(C1 + C2 + Cy)] is less than e*/(C1
+ C2). This implies that for typical current Ly, op) ~ € / [(R1(p, ap) + R2(p, ap))(C1 + C2)]
the relaxation time of the R,C, coupling circuit is greater than the typical time interval
of the tunneling events e / Iy, o). The dynamics of the RC-FMSET can be calculated
within the framework of the semiclassical model [13]. In the calculation, a Monte Carlo
procedure is used, and the rate of second order inelastic g-MQT (cotunneling) is also
considered in addition to the rate of usual single-electron tunneling.

Figure 2.16 shows drain currents for parallel and antiparallel configurations as a
function of the drain voltage of the RC-FMSET. Here, the temperature and the gate
voltage are setat 7=1 K and V, = 0 V, respectively. Due to the large difference between
Rl ap) and R2(,, 4p), one can see Coulomb staircases. Furthermore, the drain currents
clearly show the hysteresis as a function of the drain voltage. The relationship between
the TMR and the drain voltage at V; = 0 V is illustrated in Fig. 2.16. Although the TMR
shows 20 % when the Coulomb blockade is released as expected, the TMR increases up
to 44 % in the Coulomb blockade regime. This is due to the difference in the rate of the
single-electron tunneling and the inelastic g-MQT. Moreover, hysteresis of the TMR
also occurs, which is due to hysteresis of the Coulomb blockade. This is a unique

feature of the RC-FMSET and is in contrast to that in usual C- and R-FMSETs. From
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the semiclassical model of the RC-FMSET, the charge injection from the R,C, coupling
circuit to the island electrode is determined by the potential Vzc = Vy- V,C1 / (C1 + C2).
Therefore, for a charge state with definite number 7 of excess electrons in the island
electrode, charge O, on the equilibrium in the R,C, coupling circuit is expressed as Q, =
(ne + Qo + CgVreo)(C1 + C2)/(C1 + C2 + Cy), where Qg is the background charge of the
island electrode. Since the condition of the blockade for the definite charge state n is
given by | Oy | < e/2, the charge O, shows several metastable charge states that satisfy
the condition | O, | < /2. The charge Q, of the RC-FMSET implies that the addition of
the electron to the island electrode causes an increase of the effective charge O, by only
e (C1 + C2)/(C1 + C2 + Cg), leading to the fact that several stable states are possible
within the blockade. This is the origin of the hysteresis on the drain currents and the
TMR. In this system, the stability threshold voltage for a certain charge state n is given
by Vin(n) = min[(e/2 - 0,)C1, (e/2 + O,)C2] [Vin(n) > 0] and can be varied by changing
the gate potential. The maximum value becomes Vi, max = € / (C1 + C2) from the
condition (e/2 - 0,)C1 = (e/2 + Q,)C2. Its minimum value corresponds to the condition
Vin(n) = Vin(n + 1) which gives Vin min = eCg / [(C1 + C2)(C1 + C2 + C,)]. Hence, in the
RC-FMSET one cannot suppress the threshold voltage to zero by varying the gate
potential.

Drain currents for parallel and antiparallel configurations as a function of the
gate voltage are shown in Fig. 2.17. The temperature and the drain voltage are set at 7=
1 K and V;= 50 mV, respectively. The charge state of the device moves to a neighboring
stable state when the gate voltage is increased. Thus the drain currents for a fixed drain
voltage show a periodic function of the gate voltage with a period of e/C,, which is

similar to that of the C-FMSET. Then, as the gate voltage is decreased, the drain
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currents hardly show any current flow, which is due to the fact that the device is in the
Coulomb blockade state. The behavior of the drain currents, depending on the direction
of sweep of the gate voltage, causes hysteresis of the TMR as illustrated in Fig. 2.17.
The TMR is increased up to 44 % within the range of Coulomb blockade and is
modulated between 20 % and 44 % depending on the behavior of the drain currents.
Figure 2.18 shows the drain currents for parallel and antiparallel configurations
at 7=1K and V; =50, 70, and 90 mV as a function of the gate voltage. The curves are
shifted vertically 30 nA for clarity. As expected, the drain currents at the fixed gate
voltage increase with an increase in the drain voltage. Since the maximum threshold
voltage of the Coulomb blockade becomes Vin, max = € / (C1 + C2) = 80 mV in this
device, the hysteresis of the drain currents becomes clear when the drain voltage is
greater than Vi, max. The potential of the island electrode Vigang 1s defined as Vigiana = (On
+ V4C1) / (C1 + C2), therefore Vigiang €xhibits hysteresis due to several charge states by
the variation of the gate voltage, resulting in hysteresis of the drain current on the gate

voltage.
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Fig. 2.15. Schematic of an RC-coupled ferromagnetic single-electron transistor.
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Fig. 2.16. Drain currents and TMR ratio as a function of the drain voltage on an RC-
coupled ferromagnetic single-electron transistor.
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2.6 Summary

In conclusion, several single-electron transistors have been studied. In C-FMSET
with multiple tunnel junctions, the inelastic ¢g-MQT process under the Coulomb
blockade regime leads to a considerable enhancement of TMR which has a specific
dependence on the gate and drain voltages and on the number of the tunnel junctions.
On the other hand, TMR of R-FMSET was also controlled by gate and drain voltages.
Furthermore, we have proposed and studied ferromagnetic single-electron transistors
controlled with an RC gate. Several metastable charge states within the range of
Coulomb blockade cause clear hysteresis of the TMR. These features have a specific
dependence on the gate and drain voltages. These results imply new functionality of the

FMSET.
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Chapter 3

Novel Nanofabrication Techniques for
Nanoscale Tunnel Devices

3.1 Introduction

For the fabrication of the planar-type ferromagnetic tunnel devices,
nanolithography techniques are required because of the nanometer-scale dimensions of
the devices. Several techniques have been demonstrated to be able to produce nanoscale
tunnel devices, which involve either highly elaborate electron-beam (EB) lithography or
other special techniques and processes, such as shadow evaporation [1, 2], mechanical
break junctions [3], metal deposition over suspended structures [4], electrochemical
deposition [5, 6], and electromigration (EM)-induced breaking of thin metal wires [7].
However, these techniques involve a series of complicated processes that are not easy to
control, generate and have low yields.

In order to simplify the fabrication process further, we have investigated simple
and easy techniques. Therefore, we have reported the local oxidation nanolithography of
ferromagnetic thin films using scanning probe microscopes [8] (SPMs) and fabrication
of ultra small ferromagnetic tunnel junctions using SPM local oxidation technique [8-
10]. On the other hand, we have also studied the novel EM techniques [11-14] and
fabrication of ferromagnetic nanoscale devices with vacuum tunnel barriers using EM

method [15-16].
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3.2 Scanning Probe Microscopy Local Oxidation

Scanning probe Microscopy (SPM) can achieve atomic resolution on
semiconductor and metallic surfaces. In particular, local oxidation nanolithography by
SPM is a reliable method of producing ultra small patterns on material surfaces [17].
Figure 3.1 shows the schematic of SPM local oxidation. The reaction mechanism of the
SPM local oxidation is considered to be anodic oxidation, and this oxidation process
proceeds through an electrochemical reaction driven by a negative bias voltage applied
to the SPM tip. The key factors for controlling the feature size of the oxide are the
generation of space charges within the oxide [18], the formation of a water meniscus
[19], the modulation of applied bias voltage [20]. In contact-mode SPM local oxidation,
it has been reported that voltage modulation sweeps out space charges at the Si/Si0;
interface during the reverse-bias cycle, allowing these charged ions to diffuse into the
bulk, which cannot occur under a static electric field [18].

Table 3.1 shows SPM images of Ni oxide wires using contact mode SPM local
oxidation at different voltage modes, voltages and scanning speeds. The applied bias
voltage and scanning speed were varied from 15 to 25 V and from 5 to 15 nm/s,
respectively. All SPM images in this study were of areas of 1 x 1 pm® A visual
inspection reveals that the Ni oxide wires of the AC voltage mode oxidation are smaller
than those of DC voltage mode oxidation. Furthermore, the size fluctuation of the Ni
oxide wires is further suppressed in AC voltage mode experiments.

Figure 3.2 shows (a) average full width at half maximum (FWHM) and (b) height
of Ni oxide wires as a function of the bias voltage. FWHM and height were calculated
from cross-sectional profiles of Ni oxide wires. With increasing the applied bias voltage

between the tip and sample surface, the FWHM and height of Ni oxide wires was
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increased. This dependence may be due to the threshold electric field promoting the
oxidation process and the curvature radius of SPM tip [21].

In Fig. 3.3(a), the standard deviations (STDs) of FWHM of the Ni oxide wires are
plotted as a function of bias voltage. Moreover, the STDs of the height is shown in Fig.
3.3(b). All STDs of FWHM in AC voltage mode oxidation are around 10 nm, which are
not dependence on scanning speed. Furthermore, STDs of height in AC voltage mode
oxidation are below 2 nm, which are smaller than those obtained by DC voltage mode.
Under the SPM local oxidation with static DC bias voltage, the oxide grows by the
formation of oxyanions from water electrolysis in the meniscus. These ions migrate
through the oxide by the electric field at the tip-sample junction. However, spatial
variation of the ionic concentration may cause a rapid buildup of space charge within
the oxide. Space charge effect reduces the growth rate of the oxide and interrupts the
oxide growth. On the other hand, the space charge within the oxide may be neutralized
and released by applying the AC voltage [18, 20].

Figure 3.4(a) shows the atomic force microscope (AFM) image of the fabricated
Ni oxide wire. In order to evaluate the conductivity of the Ni oxide wire, the current
mapping image was measured using the AFM under the constant voltage mode. The
results imply that the insulating property of the wire due to oxidation was confirmed as

indicated in Fig. 3.4(b).
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Fig. 3.1. Schematic of SPM local oxidation.
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Table 3.1. AFM image of Ni oxide wire formed by contact mode SPM local oxidations
under DC and AC bias voltage.

Scanning Speed (nm/s) (Size: 1x1 pm?)

5 10 15

15

20

DC Voltage V (V)

25

15

20

AC Voltage V (V)

25
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Fig. 3.4. (a) AFM image and (b) current image of Ni oxide wire formed by contact
mode SPM local oxidations.
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3.3 Stepwise Feedback-Controlled Electromigration

Breaking thin metal nanowires induced by electromigration of metal atoms has
proven to be a useful technique for making nanoscale gaps between metal electrodes [7].
This method is particularly simple as compared with other methods because it is
achieved by only passing a current through a metal nanowire. In typical
electromigration experiments for nanogap formation, a bias voltage through a metal
nanowire is ramped up to the point in which it breaks due to the electromigration. This
approach is particularly simple because it is achieved by only passing a current through
a metal nanowire, the typical procedure induces an abrupt break that yields a nanogap
with uncontrollable high tunnel resistance [7, 22-24]. It is considered that the
fabrication of highly reproducible nanogaps using a single voltage ramp is difficult
because the current temperature (Joule heating) during the formation of nanogap
junctions are both changing rapidly [7]. Hence, several approaches have work on
feedback-controlled electromigration (FCE) mechanisms, based on resistance
monitoring of nanowires, in order to control rapid electromigration and fabricate
smaller nanogaps. The FCE process can be used to fabricate devices with resistance
ranging from a metallic regime through a few-atom regime characterized by quantum of
conductance plateaus into a tunneling regime once the gap is formed. The FCE
mechanisms have been used to control electromigration and fabricate smaller nanogaps
[25-29]. It is considered that the thermal instability due to a large current passing
through a metal nanowire seriously degrades the reproducibility of the procedure and
often results in catastrophic break with nanogaps greater than 10 nm. In order to avoid
such thermal effects, we investigated a stepwise approach, based on FCE scheme, for

the control of the channel resistance of metal nanowires and called this procedure
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“stepwise feedback-controlled electromigration (SFCE)”.

Figure 3.5 shows the flowchart of SFCE method. First, we performed the FCE
scheme which dynamically adjusts the applied voltage to the Ni nanoconstriction in
response to the changing resistance. Then, we stopped the FCE process when the
resistance of the devices reached the desired value. In order to estimate the resistance,
the electrical characteristics of the devices were measured. Subsequently, we updated
the desired resistance value and then we repeated this procedure to accurately control
the resistance and to slowly form the nanogaps.

A scanning electron microscopy (SEM) image of a representative initial Ni
electrode is exhibited in Fig. 3.6(a). The initial resistance of our devices was
approximately 200-300 Q. Figure 3.6(b) shows a SEM image of Ni electrode after
performing the SFCE procedure. This demonstrates that a gap has been clearly formed
at the nanoconstriction area of the Ni electrode.

Figure 3.7(a) shows a representative current versus voltage curve during the SFCE
process, with 4 FCE steps, at room temperature. Within each FCE step, the FCE process
was performed to the desired resistance Rp and was reset back to zero after the FCE
process. This characteristic clearly exhibits that the conductance of the nanowire
decreases smoothly by suppressing the rapid electromigration of Ni atoms. Here, the
influence of SFCE parameters such as threshold differential conductance Gy, feedback
voltage Vg, and voltage step Vsrzp is investigated on both the resistance control of the
nanowire and the process time of the procedure. Furthermore, we study the conductance
variation of the nanowires in quantum point contact (QPC) regime using SFCE
procedure with optimized feedback parameters. Figure 3.7(b) is the fit of Joule-heating

model [25] to the data of Fig. 3.7(a). The power generated in the nanoconstriction is
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estimated between 166 uW and 834 uW.

The current-voltage (I-V) characteristics of the nanoconstriction after performing
each FCE procedure at room temperature are shown in Fig. 3.8. The number and color
of current curves match with the respective number and color of current curves from Fig.
3.7(a). The current decreased gradually with increasing the desired resistance Rp from
600 Q to 45 kQ. Although the nanoconstriction before performing the SFCE process
indicated the linear /-V properties, the nonlinear /-V characteristics were observed after
the SFCE with Rp of 15-20 kQ. The results suggest that the current is due to electron
tunneling between Ni electrodes through the vacuum barrier. By performing the SFCE
process, the resistance of the nanoconstriction can be controlled widely, ranging from a
bulk-neck regime to a tunneling regime.

To investigate the control range of the resistance of Ni nanoconstrictions, we
performed the SFCE scheme with optimized feedback parameters. Figure 3.9(a) shows
the relationship between the desired resistance Rp and the measured resistance Ry, The
measured resistance Rj;, which is defined as the resistance of the nanowire in low
voltage regime, was obtained after performing the SFCE cycle at room temperature. The
broken lines in Fig. 3.9(a) are drawn as references, i.e., Ryy = Rp and Ry = 2Rp. In the
desired resistance Rp = 500 Q, the measured resistance Ry, is in good agreement with
the Rp. As the desired resistance is increased further into the 1 kQ range, the Ry, does
not correspond to the Rp. In this region, it is suggested that QPC is formed into the
channel of the nanowire because nonlinear /-7 curves at high bias voltage regime (0.1-1
V) are obtained during the SFCE cycles [30, 31]. In Fig. 3.9(b), Ry, is plotted in wider
range than that of Fig. 3.9(a), as a function of Rp ranging from 0.5 to 60 kQ. Ry, was

precisely controlled from 0.2 to 600 kQ for 20 min, which is 3000 times larger than the
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initial resistance of the channel. Discrete change of the channel conductance below 1
Gy (Gy = 2¢*/h) reported in Ref. 25 was not observed during the SFCE. The results
imply that thermal instability was successfully removed during SFCE procedure. In the
desired resistance Rp ranging from 25 to 60 kQ, the measured resistance Rj, remains
almost constant. In this region, it is considered that the tunnel gap is formed in the
channel. It has been reported that electromigration successfully creates smaller
nanogaps when the power dissipated in the junction is minimized [12, 24]. We estimated
the power dissipated at the contact with Rp ranging from 0.5 to 4 kQ using Joule-
heating model [25]. Critical powers were obtained to be 390 uW at Vsrgp = 0.5 mV and
830 uW at Vgrgp = 1.0 and 1.5 mV. Hence, thermal heating can be well controlled using
optimized feedback parameters without series resistance. The results indicate that we
can control the channel resistance of metal nanowires ranging from metallic regime to
tunneling regime through QPC regime without catastrophic breaks.

Conductance traces from 5 Gy to 3 Gy recorded during the SFCE with several
voltage steps are shown in Fig. 3.10(a), (b), and (c). These traces correspond to the data
obtained at Rp = 4 kQ in Fig. 3.9(a). Conductance plateaus and steps at and near the
integer multiples of 0.5 Gy are observed. These discontinuities and corresponding
conductance plateaus demonstrate that the nanowire likely consists of a few atoms at its
narrowest point. These conductance plateaus (in units of 0.5 Gy) indicate that the spin
degeneracy of the Ni nanoconstriction has been removed, even without the application
of external magnetic fields [32]. These results imply that the conductance of Ni
electrodes was stably controlled with Vszgp. Furthermore, the control time to adjust the
conductance from 5 Gy to 3 Gy is successfully decreased from 270 to 35 sec as Vszgp is

increased from 0.5 to 1.5 mV. In the SFCE cycles, the applied voltage to the Ni
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electrodes during the SFCE was gradually increased from 1.1 to 1.4 V at Vszgp = 0.5
mV and from 1.3 to 1.8 V at Vergp = 1.0 and 1.5 mV, but the conductance variation was
not affected by the applied voltage. These results suggest that process time of SFCE
procedure in QPC regime can be considerably shortened by optimizing Vrgp, without

degradation of the controllability of the resistance of Ni nanoconstrictions.
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Fig. 3.6. SEM images of a Ni electrode (a) before and (b) after SFCE procedure.
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3.4 Field-Emission-Induced Electromigration

A number of techniques for the fabrication of nanogap electrodes using
electromigration (EM) have already been investigated. However, for the fabrication of
tunnel junction devices, a novel method for controlling the tunnel resistance is required.
We have investigated that the control of the tunnel resistance of the nanogaps is
performed by field-emission-induced EM [12-14], which is the so called “activation”.
The tunnel resistance of the nanogaps was controlled by only the magnitude of the
preset current during the activation.

Activation scheme is based on the motion of atoms induced by Fowler-Nordheim
(F-N) field emission current at nanogaps [12-14]. Figure 3.11(a) shows the schematic of
an initial nanogap. By applying bias voltages, a field emission current flows through the
initial nanogap. The metal atoms at the tip of the source electrode are activated by the
field emission current, as shown in Fig. 3.11(b). Then, activated atoms move from
source to drain electrode by electron wind force, which is always caused along the
direction of electron flow (figure 3.11(c)). Finally, hillock is formed by accumulated
atoms at the tip of drain electrode, resulting in a decrease of the separation of the initial
nanogap, as shown in Fig. 3.11(d). Consequently, the tunnel resistance of the nanogaps
after performing the activation becomes smaller than that before the activation.

As shown in Fig. 3.12, the detailed experimental steps of the activation process
are as follows. First, we set the magnitude of the preset current /. Then, we applied the
bias voltage V to the initial nanogap electrodes and ramped up the voltage while
monitoring the current / passing through the gap. When the field emission current /
reached the preset current /;, we stopped the application of the voltage V' to the gap.

Here, the voltage V is defined as the voltage V" at which the current / is the same as the
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preset current /. Figure 3.13(a) shows representative current-voltage (I-V)
characteristics during the activation with the preset current /; = 1 pA. From this figure, a
resistance R, and a differential resistance during the activation are given by Vy/I; and
dVy/dl;, respectively. After that, hillock is formed by accumulation of atoms at the tip of
the drain electrode, resulting in a decrease of the separation of the nanogap electrodes.
Finally, the tunnel resistance of the nanogaps was measured from electrical properties
after performing the activation. Figure 3.13(b) shows /- property of the nanogap after
performing the activation with the preset current /; = 1 pA. We define the resistance at
low bias voltage regime as the tunnel resistance R. By monitoring the current / passing
through the gap, we are easily and simply able to control the resistance of nanogap
electrodes. The activation and measurement of the tunnel resistance were continuously
repeated to the same nanogap with increasing the preset current /; from 1 nA to 150 pA.

Figure 3.14(a) shows a scanning electron microscopy (SEM) image of
representative nanogap electrodes with asymmetrical shape before performing the
activation. In this figure, the gap separation is approximately 60 nm, which is
completely defined by electron-beam lithography. On the other hand, an SEM image of
the nanogap electrodes after performing the activation with the preset current /; of 150
nA is shown in Fig. 3.14(b). The figure clearly indicates that the separation of the gap
reduces from about 60 nm before the activation to less than 10 nm after the activation,
which is due to accumulation of metal atoms at the tip of the drain electrode. The SEM
images before and after the activation suggest that the initial gap separation is obviously
reduced by performing the activation.

Figure 3.15 shows the I-V characteristics of the nanogaps after the activation with

the preset current /; from 300 nA to 2 pA. When the preset current /; is set to 300 nA,
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the I-V shows the high resistive property. On the other hand, the nonlinear I-V
characteristics are obtained in /; of 400 nA and 1 pA, suggesting the tunneling
properties of the nanogaps. In addition, the linear property is obtained when the preset
current /; is set to 2 pA, which shows almost metallic behavior. The I-V properties
plotted on semi-log scale are shown in the inset of Fig. 3.15. The current through the
nanogaps increases from the order of 10 fA to 1 nA with increasing the preset current /;
from 300 nA to 2 pA. These results imply that the wide range control of electrical
properties of the nanogaps is achieved by performing the activation.

Figure 3.16(a) shows the relation between the resistances and the preset current /;
during the activation of nanogaps with asymmetrical shape. In this figure, three kinds of
resistances are shown, such as tunnel resistance R of the nanogaps, resistance R; when
the bias voltage is stopped in the activation, and differential resistance dV/dI; during the
activation. The tunnel resistance R decreases from the order of 100 TQ to 100 kQ with
increasing the preset current /; from 1 nA to 150 pA. As the preset current /; is smaller
than 100 nA, the nanogaps still show the high resistive properties. On the other hand, /-
V' shows the metallic properties as the preset currents /; becomes larger than 10 pA. In
the preset current /; from 100 nA to 10 pA, the nanogaps show the tunneling properties,
which is the transition of electrical properties from insulating regime to metallic regime.
This result implies that the tunnel resistance of the nanogap is controlled and adjusted
by the magnitude of the preset current /; in the activation. From this figure, R, and
dVy/dI decrease with increasing the preset current /; and show a linear relation with a
slope of -1, suggesting that the current passing through the gap is based on F-N field
emission [12-14]. It is noted that the tunnel resistance R could be predicted from the

relation between R and R; or R and dV/dI;. Figure 3.16(a), obtained from the nanogaps
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having asymmetrical shape, is quite similar to the results of nanogaps with symmetrical
shape shown in Fig. 3.16(b), which are our previous results [12-14]. Hence, the control
of the tunnel resistance of the nanogaps using activation process strongly depends on
the preset current /; but is hardly affected with the shape of the nanogap electrodes.

The tunnel resistance R versus initial gap separation with several preset currents /;
is shown in Fig. 3.17. In a fixed preset current /;, the tunnel resistance R does not
depend on the initial gap separation. In particular, if the preset current /; is set to 3 pA,
one can obtain the tunnel resistance R of 100 MQ in spite of the variation of the initial
gap separation. From this figure, it is found that the tunnel resistance R is independent
on the initial gap separation and well controlled by only the preset current /.

Figure 3.18(a) shows Fowler-Nordheim (F-N) plots of the nanogap during
activation with the preset current of 500 nA, 1 pA, and 5 pA. The width of the nanogap

was calculated from Fig. 3.18(a). The equation of F-N is given by [33]

3 *
g (Mmool exp _8z 2m_¢1-5l , 3.1)
rh\m* )¢ 3he\| m, E

where e is the electron charge, 4 is the Planck Constant, m is the free electron mass, m
is the effective mass of electron, ¢ is the potential barrier, and E is the electric field.

This equation is also expressed by

%
1ni2=—6.828x107 ’"—¢”wl+1n 1.5413><1o-6[ﬂJ§i2 , (3.2)
14 m, V m*) ¢ w

where § is the cross section of the gap and w is the gap separation between source and
drain electrode. Equation (3.2) exhibits the dependence between In(Z/7?) and 1/V. Here,

the slope of Eq. (3.2) is defined as 4, gap separation w is described by
T S LY (3.3)
@ °*x6.828x10" \ m*
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where ¢ is 4 eV, which is work function of Ni [12]. Figure 3.18(b) shows dependence of
tunnel resistance and gap separation of nanogap on the preset current /;, Gap width of
the nanogap decreases from with increasing the preset current, which is similar to the
tunnel resistance. These results imply that the width of the nanogap can be controlled by
adjusting the preset current /.

Number of metal atoms moving from source to drain electrode can be estimated
using the atom drift velocity in a metal due to electric currents. The atom drift velocity v

is given by [34]

D, _. AH
v="eZ"pjexp —— |, 3.4
L P p( kT} (3.4)

where £ is the Boltzmann’s constant, 7 is the absolute temperature, eZ' is the effective
charge of the metal ions, p is the metal resistivity, j is the electric current density, AH is
the activation energy for diffusion of the moving defects, and Dy is the diffusion
constant. If the moving atoms are assumed to be one atomic layer of the surface of the

source electrode, the number of moving atoms # is approximated by
6 Np.
n=V-N=w-a-v-t-N=49x10"" x w-a-E Il(t)dt, (3.5)

where V is the volume of moving atoms, N is the atomic density, w is the width of
source electrode, a is the one atomic layer thickness, ¢ is the activation time, S is the
cross section at the tip of source electrode, and i is the current during activation. From
this assumption, the number of moving atoms 7 is estimated to be 10° atoms by
applying the preset current /; of 150 pA. On the other hand, accumulated metal atoms at
the tip of the drain electrode could also be determined from the area of the hillock
shown in the SEM image of Fig. 3.14(b) and is obtained to be 10° atoms. Thus, the

number of moving atoms estimated from the SEM image is similar to that from the
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assumption based on equation (3.5). On the other hand, fabrication procedure of
nanogaps using activation is similar to field evaporation using the scanning tunneling
microscope (STM). Number of atoms moving from STM tip to sample surface is 10°-
10° [35-38], which is roughly corresponding to our activation system. These results
suggest that the moving atoms in STM and activation system are induced by field-
emission-current. Furthermore, this estimation implies that 10'' electrons are required
for the motion of an atom during the activation with the preset current /; of 150 pA.
This result suggests that field emission current causes the electromigration and is

significant for the activation procedure.
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Fig. 3.11. Schematic of the activation procedure. (a) Initial nanogap before performing
the activation. (b) Filed emission current passes through the initial nanogap by applying
bias voltage. (c) Metal atoms at the source electrode are activated by field emission
current. (d) Hillock is formed by accumulation of activated atoms at the tip of the drain
electrode.
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Fig. 3.14. SEM images of a representative Ni nanogap (a) before and (b) after
performing the activation.
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3.5 Summary

We have investigated simple and easy techniques for the fabrication of planar-type
ferromagnetic tunnel junctions. Scanning probe microscopy (SPM) local oxidation was
applied for the Ni thin films. The size of the Ni oxide wires was controlled by changing
the applied bias voltages and scanning speed. Ultra-fine Ni oxide wires were obtained
by SPM local oxidation method under the applied AC bias voltage. These results imply
that the SPM local oxidation using AC bias voltage produces higher controllability for
the local oxidation nanolithography of ferromagnetic thin films.

On the other hand, nanometer gaps were fabricated by novel techniques based on
electromigration (EM). In order to remove thermal effects based on feedback-controlled
EM (FCE) mechanisms, for the control of the resistance of nanoconstrictions. Using
stepwise feedback-controlled EM (SFCE) method, the resistance of nanoconstrictions
was adjusted from insulating regime to tunneling regime. These results suggest that the
resistance of nanoconstrictions can be easily controlled by SFCE procedure.

Furthermore, field-emission-induced EM (activation) method was investigated for
the formation of nanogap, which is based on field emission current. The resistance of
the nanogaps was controlled from 100 TQ to 100 kQ by the preset current during
activation procedure. The current-voltage characteristics of the nanogaps measured after
the activation exhibited insulating, tunneling, and metallic properties, depending on the
magnitude of the preset current. This implies that activation technique can easily control

and adjust the tunnel resistance of the nanogap.
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Chapter 4

Planar-Type Ni-Ni oxide-Ni Ferromagnetic Tunnel
Junctions Obtained by
Scanning Probe Microscopy Local Oxidation

4.1 Introduction

Scanning probe microscopes (SPMs) are focused on not only observation tools
but also nanolithography tools. Local oxidation nanolithography using SPM is able to
oxidize materials surfaces on the nanometer scale [1]. This oxidation process is
considered to be anodic oxidation, which is driven by the applied voltage between SPM
tip and sample surface. The size of oxide wires can be controlled by bias voltage,
scanning speed, scanning mode and humidity. We have reported SPM local oxidation
nanolithography of ferromagnetic thin films and planar-type ferromagnetic tunnel
junctions [2—4]. In this chapter, planar-type Ni-Ni oxide-Ni ferromagnetic tunnel
junctions with asymmetrical channel structure are fabricated by SPM local oxidation
nanolithography. Magnetoresistance (MR) characteristics are also investigated in the

devices with various sizes of the junctions.
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4.2 Planar-Type Ni-Ni oxide-Ni ferromagnetic Tunnel
Junctions

Figure 4.1 shows the schematic of planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junction fabricated by scanning probe microscopy (SPM) local oxidation
technique. Ni thin films were deposited on SiO,/Si substrates by EB evaporation. The
thickness of the Ni thin films is 5-10 nm. Then, constricted channel structures were
patterned on the Ni by conventional optical lithography and etching processes. Each Ni
pattern consists of channel with width of typically 1-4 pm connected to large contact
pads with an area of 200x200 umz. Furthermore, focused ion beam (FIB) lithography
was applied to the channels, in order to induce magnetic shape anisotropy. The
accelerating voltage of Ga ion beam, emission current and etching rate were 30 kV, 2
pA and ~0.5 nm/sec, respectively. Finally, for the observation of magnetoresistance
(MR) difference across the planar-type ferromagnetic tunnel junctions, insulating Ni
oxide barriers were formed by the SPM local oxidation at the center of the asymmetrical
constricted channels. The typical oxidation parameters were the static voltage of 6 V
and scanning speed of 5 nm/sec. The area of the junction is around 5x500 nm®.

Representative current-voltage (/-V) characteristics of a planar-type Ni-Ni oxide-
Ni ferromagnetic tunnel junction at 17 K are shown in Fig. 4.2. As shown in Fig. 4.2,
nonlinear /-V characteristics are clearly observed. This result suggests that Ni oxide
wires formed by SPM local oxidation technique act as an insulating barrier material for
the electron. The I-V properties at 17 K were fitted by Simmons theory [5], and the
effective barrier height and effective barrier thickness were obtained as shown in Table

4.1. The effective barrier width are narrower that the width of Ni oxide wires.
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Fig. 4.1. Fabrication step of planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction
fabricated by SPM local oxidation. Ni oxide barrier is formed at the center of the
asymmetrical constricted channel.
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Fig. 4.2. Representative /-V properties of planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junction fabricated by SPM local oxidation.

Table 4.1. The width of Ni oxide barrier formed by SPM local oxidation and the
effective barrier width and height.

Oxide Width Effective Barrier Width | Effective Barrier Height
(nm) (nm) (eV)
29-65 2.063 0.444
34-67 2.370 0.330
36-54 1.995 0.615
29-35 1.970 0.550
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4.3 Magnetoresistance Properties

4.3.1 Channel Constriction Using Focused Ion Beam

4.3.1.1 Devices with Constricted Channel Width of 1.5 ym

Figure 4.3 shows scanning electron microscopy (SEM) and atomic force
microscopy (AFM) images of planar-type ferromagnetic Ni-Ni oxide-Ni tunnel junction
fabricated by scanning probe microscopy (SPM) local oxidation technique. In this
device, Ni cannel was constricted by focused ion beam (FIB) before fabrication of Ni
oxide wire. Figure 4.4(a) shows the magnetoresistance (MR) curves at 16 K. The
applied bias voltage is changed ranging from 0.15 to 0.4 mV. The MR curves with
higher bias voltages are shown in Fig. 4.4(b). The MR behavior of the planar-type Ni-Ni
oxide-Ni ferromagnetic tunnel junction was clearly observed and increased on
decreasing the applied bias voltage.

Figure 4.5 exhibits MR ratio as a function of the bias voltage. The MR ratio of
above 100 % was obtained at 0.15 mV. With increasing the bias voltage, the MR ratio
quickly decreases from 103 % to 5 %, and shows strong dependence on the bias voltage.
Since the spin polarization of Ni is Py;= 0.23, the MR ratio of planar-type Ni-Ni oxide-
Ni ferromagnetic tunnel junctions is simply predicted to be MR = 11.2 % by Julliere
formula [6]. However, the maximum MR ratio of above 100 % was obtained in smaller
junction devices at 16 K. Furthermore, the MR ratio strongly depends on the applied
bias voltage with the range of 0.2 mV. Since phonon energies for Ni (25 and 33 mV)
and NiO (48 and 68 mV) and magnon energy for NiO (107 mV) were reported [7-12],
magnon and phonon excitations through Ni/NiO junction are not the origin of the MR
voltage dependence. Strong dependence of MR on the bias voltage in Fig. 4.6 may be

caused by the localized trap states [13] in SPM-oxidized NiO barriers, which suffer
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from imperfections of the oxide. In addition, these high MR ratios may be due to the
single-electron charging effect in the junctions [14] and/or the ballistic
magnetoresistance effect from strongly constricted channels [15].

Figure 4.6(a) shows the MR curves at several temperatures. In this figure, the
applied bias voltage was fixed at 0.5 mV, and the measurement temperature was varied
from 16 to 200 K. The MR behavior of the planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junction was clearly decreased on increasing the measurement temperature. The
temperature dependence of the MR curves in the planar-type Ni-Ni oxide-Ni
ferromagnetic tunnel junction is also shown in Fig. 4.6(b). The MR ratio decreases from
8.5 to 0.2 % with increasing the measurement temperature. The dependence of the MR
ratio on the measurement temperature is generally similar to that of the conventional
perpendicular magnetic tunnel junction (MTJ) stack and may be explained by increasing
the influence of the thermal excitation electrons.

The shape of the hysteresis loop in the planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junctions is different from that of the conventional MTJ stack and shows the
minor loop behavior. In measurement of this device, the maximum field is limited to
+1200 Oe. Therefore, the magnetic moment of the drain-side channel with higher
coercive field is still pinned and hardly changes the direction following the field. The
increase of coercive field in the drain-side channel may be due to the existence of the
anisotropic exchange interaction between Ni channel and Ni oxide barrier [16, 17].
Since the switching behavior of the resistance at £200-300 Oe also indicates a more
complex magnetization reversal process, edge domain structure of the junction may

play an important role for the switching process.
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Fig. 4.3. (a) The SEM image of Ni channel constricted using FIB. (b) The AFM image
of planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction fabricated by SPM local
oxidation technique.
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higher bias voltages.
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4.3.1.2 Devices with Constricted Channel Width of 800 nm

Figure 4.7(a) shows the scanning electron microscopy (SEM) of Ni channel
constricted by focused ion beam (FIB) before fabrication of Ni oxide wire. Figure 4.7(b)
exhibits the atomic force microscopy (AFM) image of planar-type Ni-Ni oxide-Ni
ferromagnetic tunnel junction. The applied bias voltage was varied from 0.2 to I mV at
17 K. In this case, external magnetic field was applied parallel to the channel. Figure
4.8(a) shows the magnetoresistance (MR) curves at 16 K. The applied bias voltage is
changed ranging from 0.2 to 1 mV. The MR curves with higher bias voltages are shown
in Fig. 4.8(b). The MR ratio decreases from 21 % to 1.1 % with increasing the applied
bias voltage from 0.2 mV to 1 mV, as shown in Fig. 4.9. Since the switching process is
so complex, the resistance changes with spike-like reaction around 300 Oe. In addition,
the MR curves have the typical shape of minor loop behavior as shown in Fig. 4.9, in
which the drain-side (broad) channel is reversing its magnetization.

Figure 4.10(a) exhibits the MR curves at V = 0.5 mV at each temperature. The
MR behavior of the planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction was
increased on decreasing the measurement temperature. Figure 4.10(b) shows the
temperature dependence of the MR ratio in the planar-type Ni-Ni oxide-Ni
ferromagnetic tunnel junction. In this figure, the MR ratio increases from 0.2 to 3.5 %
with decreasing the measurement temperature from 200 to 17 K. This result implies that
influence of the thermal excitation electrons decreases at low temperature. Moreover,
since the Ni oxide was formed by SPM local oxidation, the barrier may be considered to
be the NiO. NiO is well known not only as insulator but also as antiferromagnetic
materials. Thus, the magnetization of source-side (narrow) channel may be strongly

pinned by Ni oxide barrier [16, 17].

83



Asymmetrical Channel

Large H¢
Source \l/

Ni

TSmaII H.

Tunnel Junction

(a) SiO;

Fig. 4.7. (a) The SEM image of Ni channel constricted using FIB. (b) The AFM image
of planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction fabricated by SPM local
oxidation technique.
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4.3.2 Channel Constriction Using Photolithography

4.3.2.1 Devices with Constricted Channel Width of 500 nm

Figure 4.11(a) shows a scanning electron microscopy (SEM) of Ni asymmetrical
channel patterned by photolithography. Figure 4.11(b) exhibits an atomic force
microscopy (AFM) image of planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction
fabricated by SPM local oxidation technique. Figure 4.12(a) shows the
magnetoresistance (MR) curves at 17 K. Magnetic field is applied parallel to the
channel, as shown in Fig. 4.11(a). The applied bias voltage is changed ranging from
0.17 to 0.4 mV. The MR curves with higher bias voltages are shown in Fig. 4.12(b). The
MR characteristics of the planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junction
were decreased with increasing the applied bias voltage.

Figure 4.13 exhibits MR ratio as a function of the bias voltage. With decreasing
the bias voltage from 0.4 to 0.17 mV, the MR ratio increases from 6 % to 29 %. The MR
ratio of 29 % was obtained at 0.17 mV. Moreover, the MR curves of this device also
show the minor loop behavior, which may be due to higher coercive field is larger than
applied magnetic field or the existence of the anisotropic exchange interaction between

Ni channel and Ni oxide barrier formed by SPM local oxidation [16, 17].
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Fig. 4.11. (a) The SEM image of Ni asymmetrical channel patterned by
photolithography. (b) The AFM image of planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junction fabricated by SPM local oxidation technique.
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Ni ferromagnetic tunnel junction at 17 K.
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4.3.2.2 Devices with Constricted Channel Width of 120 nm

Figure 4.14(a) shows scanning electron microscopy (SEM) image of
asymmetrical Ni channel. An atomic force microscopy (AFM) image of planar-type Ni-
Ni oxide-Ni ferromagnetic tunnel junction is shown in Fig. 4.14(b). In this device, width
of Ni channel of 120 nm is narrowest in planar-type Ni-Ni oxide-Ni ferromagnetic
tunnel junctions.

Figure 4.15(a) exhibits the magnetoresistance (MR) curves with the bias voltage
from 0.1 mV to 0.29 mV at 17 K. The MR curves with higher bias voltages are also
shown in Fig. 4.15(b). The MR curves also show the typical shape of minor loop
behavior. Figure 4.16 shows the MR ratio versus applied bias voltage at 17 K. The MR
ratio of approximately 180 % was obtained at 0.1 mV. With increasing the bias voltage,
the MR ratio quickly decreases from 180 % to 6.8 %, and shows strong dependence on
the bias voltage. As mentioned above, the maximum MR ratio of 180 % at 17 K is
larger than the predicted value of Ni-Ni oxide-Ni ferromagnetic tunnel junction by
Julliere equation [6]. Furthermore, the MR ratio strongly depends on the applied bias
voltage with the range of 0.1 mV is enough smaller than magnon and phonon
excitations. Therefore, strong dependence of MR on the bias voltage in Fig. 4.16 may be
caused by the localized trap states [13] in NiO barriers formed by SPM local oxidation,
which suffer from imperfections of the oxide. As seen in Fig. 4.15(a), resistance
fluctuations at lower bias voltage suggest the barrier imperfections such as
nonstoichiometric phases and defects of the oxide. In addition, these high MR ratios
may be due to the single-electron charging effect in the junctions [14] and/or the

ballistic magnetoresistance effect from strongly constricted channels [15].
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Fig. 4.14. MR ratio as a function of applied bias voltage in the planar-type Ni-Ni oxide-
Ni ferromagnetic tunnel junction at 16 K.

93



500 . . . . .

(a)

S 4001 T=17K ]

é V (mV

X 300} i

Q

(&)

o

8 200} i

7))

[ e

o 100} ]
0.24

0 1 ] 1 ]
-1500 -1000 -500 O 500 1000 1500

H (Oe)

140} (b) V(mV)
a1ZO-T=17K 0.12]
=
X 100} .
Q
(&)

c 80} -
(1]
»
-g 60_ -
m 40_ . APN -y 0.24_

20 ] 1 ] ]
-1500 -1000 -500 O 500 1000 1500
H (Oe)

Fig. 4.15. Magnetoresistance characteristics of planar-type Ni-Ni oxide-Ni
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Ni ferromagnetic tunnel junction at 17 K.
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4.4 Comparison of Constriction Methods

Table 4.2 shows the scanning electron microscopy (SEM) images of the Ni
channel patterned by focused ion beam (FIB) and photolithography and aspect ratio of
drain side channel. Figure 4.17 shows comparison of typical magnetoresistance (MR)
curves with various planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junctions at 17 K.
In the range of aspect ratio of 2, switching field of the devices constricted by FIB is
larger than that of the devices constricted by photolithography.

The switching fields as a function of the aspect ratio are shown in Fig. 4.18(a).
With increasing the aspect ratio of drain side channel, switching field increases in the
devices constricted by photolithography. On the other hand, the switching field of the
devices constricted by FIB is less dependent on the aspect ratio of drain side channel.
These results suggest that increasing of damage and roughness of Ni channel may be
induced by FIB process.

Figure 4.18(b) exhibits the MR ratio versus applied bias voltage in the devices
constricted by FIB and photolithography. The high MR ratio and strongly dependence
are obtained from both of the devices constricted by FIB and photolithography. This
result implies that these MR characteristics are less dependent on constriction method,
which is caused by fabrication of Ni oxide barriers formed by SPM local oxidation. As
mentioned above, strong dependence of MR on the bias voltage may be caused by the
localized trap states [13] in NiO barriers formed by SPM local oxidation, which suffer
from imperfections of the oxide. In addition, these high MR ratios may be due to the
single-electron charging in the junctions [14] and/or the ballistic MR effects from

strongly constricted channels [15].
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Table 4.2. SEM images and aspect ratio of Ni constricted channels.
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4.5 Summary

We have investigated simple and easy techniques for the fabrication of planar-type
ferromagnetic tunnel junctions. Planar-type Ni-Ni oxide-Ni ferromagnetic tunnel
junctions were fabricated by scanning probe microscopy (SPM) local oxidation
technique. For the fabrication of magnetoresistance (MR) difference across the junction,
the Ni channel was asymmetrically patterned by focused ion beam (FIB) lithography or
photolithography, in order to induce magnetic shape anisotropy.

The magnetoresistance (MR) properties of planar-type Ni-Ni oxide-Ni
ferromagnetic tunnel junctions constricted by FIB lithography were clearly observed by
applying a magnetic field. MR ratio exhibited above 100 % at 16 K and decreased with
increasing the bias voltage and measurement temperature. Planar-type Ni-Ni oxide-Ni
ferromagnetic tunnel junctions patterned by photolithography also shows high MR ratio
of 180 % at 17 K. These high MR ratios may due to the single-electron charging effects
in the junctions and/or the ballistic magnetoresistance effects from strongly constricted
channels. The results strongly suggest that planar-type ferromagnetic tunnel junctions

show the possibilities for nanoscale magnetoresistive devices.
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Chapter 5

Stepwise Feedback-Controlled Electromigration for
Fabrication of Planar-Type Ni-Vacuum-Ni
Ferromagnetic Tunnel Junctions

5.1 Introduction

Magnetoresistive effects in nanometer-scale ferromagnetic tunnel junctions are of
considerable technological and scientific interest. For the fabrication of these
nanostructures, electrodes are needed with a separation of typically 1 nm. In recent
years, although some creative methods have been developed to fabricate such structures,
electromigration (EM) scheme has been used as a simple fabrication technique for
closely spaced electrodes [1-4]. EM in metal nanowires is considered to be the directed
migration of metal atoms caused by a large current density. At high current densities,
momentum transfer from the electrons to the metal atoms leads to drifts of the atoms, in
the direction of the electron flow. Finally, the metal nanowires fail as a result of a gap
formation. Although this approach is particularly simple because it is achieved by only
passing a current through a metal nanowire, the typical procedure induces an abrupt
break that yields a nanogap with uncontrollably high tunnel resistance [1, 5-7]. It is
considered that the fabrication of highly reproducible nanogaps using a single voltage
ramp is difficult because the current and temperature (Joule heating) during the
formation of nanogap junctions are both changing rapidly [1]. Hence, several studies
have worked on feedback-controlled electromigration (FCE) mechanisms, based on
resistance monitoring of nanowires, in order to control rapid electromigration and create

smaller nanogaps. The FCE process can be used to fabricate devices with resistance
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ranging from a metallic regime through a few-atom regime characterized by quantum of
conductance plateaus into a tunneling regime once the gap is formed [8-10].
Researchers have also inspected using transmission electron microscopy (TEM) to
study the dynamic of the nanogap formation during the electromigration [11-13].

In order to realize the stable EM, we employ a stepwise approach, based on FCE
mechanisms, for the control of the resistance of metal nanowires and call this procedure
“stepwise feedback-controlled electromigration (SFCE)”. This technique is able to
avoid the thermal instability due to a large current passing through the metal nanowire
seriously degrades the reproducibility of the procedure and often results in catastrophic
breaks with nanogaps greater than 10 nm. In this chapter, we report the planar-type
ferromagnetic tunnel junctions with vacuum tunnel barrier formed by the SFCE
technique. Electrical and magnetoresistive properties of planar-type Ni-Vacuum-Ni

ferromagnetic tunnel junctions are also investigated.
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5.2 Micromagnetic Simulation

The goal of the OOMMEF project in ITL/NIST is to develop a portable, extensible
public domain micromagnetic program and associated tools. This code will form a
completely functional micromagnetics package, but will also have a well documented,
flexible programmer's interface so that people developing new code can swap their own
code in and out as desired.

In order to allow a programmer not familiar with the code as a whole to add
modifications and new functionality, we feel that an object oriented approach is critical,
and have settled on C++ as a good compromise with respect to availability,
functionality, and portability. In order to allow the code to run on a wide variety of
systems, we are writing the interface and glue code in Tcl/Tk. This enables our code to
operate across a wide range of Unix platforms, Windows NT, and Windows 95/98.

The code may be modified at 3 distinct levels. At the top level, individual
programs interact via well defined protocols across network sockets. One may connect
these modules together in various ways from the user interface, and new modules
speaking the same protocol can be transparently added. The second level of
modification is at the Tcl/Tk script level. Some modules allow Tcl/Tk script to be
imported and executed at run time, and the top level scripts are relatively easy to modify
or replace. At the lowest level, the C++ source is provided.

We designed an asymmetrical-butterfly shape with nanogap as schematically
illustrated in Fig. 5.1. In order to induce magnetic shape anisotropy, asymmetrical
geometry structure is employed to the devices. The width and length of source and drain
electrode is 400 nmx1300 nm and 600 nmx1440 nm, respectively. Table 5.1 exhibits

parameters of the micro magnetic simulations. The saturated magnetization used in the
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calculation M is 480 x 10° A/m, the exchange couplings 4, and damping coefficient
are 9 x 107" J/m and 0.5, respectively. We have assumed the anisotropy energy K to be
zero as most of the patterned samples made by lift-off technique are polycrystalline with
a very small crystalline anisotropy; we can see more clearly the effect of shape
anisotropy. The cell size of the simulations has chosen to be 5 nm.

The magnetic calculations were carried out using Object Oriented MicroMagnetic

Framework (OOMMF) software [14] based on the Landau-Lifschitz-Gilbert equation as

follows:
oM oM
= :|y|(MxHe_l,)+—Aj M=, (5.1)

where y is gyromagnetic constant, o is damping constant, H, s effective field, and M is
saturation magnetization. Effective field H, is total energy including exchange
interaction energy, anisotropy energy, demagnetizing energy and external magnetic field
energy in the cell. OOMMEF software has been useful to predict and verify experimental
results of some of these nanomagnets. In order to investigate the influence of the shape
of nanoelements and the magnetic material employed on the magnetization reversal
process, here using OOMMF code we present the micromagnetic simulation of a new
geometrical structure: asymmetrical butterfly shape with 10 nm gap. The calculation
procedure was as follows. First, a magnetic field of 1000 Oe was applied to y axis from
demagnetization state. Then, the magnetic field is varied from 1000 to -1000 Oe and
reverse.

Figure 5.2 shows the H-M hysteresis loop obtained by the simulation and the
magnetization configurations for Ni nanogap with 30 nm thickness. Stable anti-parallel
configuration between source and drain electrode can be observed from -140 to -340 Oe

and 140 to 340 Oe. Spin configurations of Ni nanogap also exhibit sharp reverse of spin
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configuration, as shown in Table 5.2. This result implies that the asymmetrical butterfly

shape can be applied to planar-type ferromagnetic tunnel junctions.
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Fig. 5.1. The schematic of Ni nanogap for simulation.

Table 5.1. The basic parameters used for the simulations.

Material Name Nickel
Saturation Magnetization (Ms) 480%10° A/m
Exchange Stiffness constant (A) 9x107'2 J/m
Anisotropic Constant (Ku) 0J/m®
Damping Constant (a) 0.5
Cell Size 5nm
Initial Magnetization random
Sweep step of Field (H) 20 Oe
Thickness 30 nm
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Fig. 5.2. The schematic of Ni nanogap for simulation.

Table 5.2. Spin configuration for Ni nanogap.

X

500 Oe

0 Oe
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Spin Configuration
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5.3 Planar-Type Ni-Vacuum-Ni Ferromagnetic  Tunnel
Junctions Fabricated by SFCE Technique

5.3.1 Asymmetrical Butterfly-Shape Electrodes

Figure 5.3 shows the schematic of nanogap formation using stepwise feedback-
controlled electromigration (SFCE). The SFCE experiments were performed on 100 nm
thick, thermally grown SiO, surface on Si substrates. First, 25 nm thick Au contact pads
were fabricated upon 5 nm Ti layer by electron-beam (EB) lithography and EB
evaporation. Then, 15 nm thick, Ni nanoconstrictions connected asymmetrical butterfly-
shape electrode with the width of ~100 nm were formed by the same procedure in the
gap between the Au contact pads. The asymmetrical butterfly shape source-drain
electrodes cause the stable orientation of magnetization at parallel and anti-parallel
states. The scanning electron microscopy (SEM) images of the nanoconstriction before
and after performing the SFCE process are shown in Table 5.3. This observation clearly
suggests that nanogap was formed at nanoconstriction by electromigration, which is
induced by SFCE technique.

Current-voltage (I-V) characteristics measured after each SFCE step are shown in
Fig. 5.4(a). The current decreases with progression the SFCE steps. In this device, the
resistance of Ni nanoconstriction was initially 350 Q and increased up to 183 kQ by
performing the SFCE method. Figure 5.4(b) shows the bias voltage dependence of the
current and the derivative of the conductance after performing 3rd SFCE at 16 K. Since
a peak in the inelastic electron tunneling spectrum (IETS) can be observed, the current
is due to the electron tunneling between Ni electrodes through the nanogap. The I-V
characteristics at 16 K were fitted by Simmons model [15], and barrier height and

thickness were estimated to be approximately 4 eV and <1 nm, respectively. Therefore,
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this implies that the nanogap formed by SFCE technique act as vacuum tunnel barrier of
planar-type ferromagnetic tunnel junctions.

Figure 5.5(a) shows low temperature magnetoresistance (MR) properties of the
planar-type ferromagnetic tunnel junctions fabricated by SFCE method. In order to
eliminate the thermal excitation electrons, we measured the MR characteristics at 16 K.
The vacuum barrier of the devices was formed by SFCE method as shown in Table 5.3,
and the MR ratio of approximately 4 % was obtained at 16 K. The resistance increases
gradually at about 500 Oe, and then sharply decreases to its initial value at ~1000 Oe.
Figure 5.5(b) exhibits MR ratio as a function of the bias voltage. The applied bias
voltage is changed from 2 to 20 mV. With increasing the bias voltage, the MR ratio
decreases from 4.5 % to 2 %.

The magnetization switching process was also studied by micromagnetic
simulations using Object Oriented MicroMagnetic Framework (OOMMEF) package on
the geometry of the Ni electrodes placed in the gap between the Au contact pads (Fig.
5.6(a)). Figure 5.6(b) shows M-H properties of the geometry. The switching fields
obtained from the theoretical results are 150 and 750 Oe. The difference of the
calculated coercive fields is in good agreement with those of the experimental values.
This implies that the coercivity of the Ni drain electrode is smaller than that of the Ni
source electrode, because of magnetic shape anisotropy induce by the asymmetrical
shape of the electrodes. Thus, the SFCE technique can easily fabricate planar-type

ferromagnetic tunnel junctions with Ni-Vacuum-Ni nanogap system.
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Fig. 5.3. Schematic of SFCE procedure. Nanoconstrictions with asymmetrical butterfly
shape of Ni are fabricated on SiO,/Si substrates.
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Table 5.3. The SEM images of Ni nanoconstriction connected asymmetrical butterfly-
shape electrode before and after the SFCE procedure.

Before Activation After Activation

SEM Image

110



-
(3,

—~ 4| 1stSFCE:355Q _
<
= )
= 05 Initial: 350 Q
5 i
~ oL
= 3rd SFCE:
(&) 183 kQ
c -0.5}
= _
| .
o -t Ni: 15 nm -
(a) T=16K
-1.5 L 1 L ] L
-4 -2 0 2 4
Bias Voltage V(mV)
800 , , ,
Ni: 15 nm /
~ 800 1216k A A
= 400
= 200 o
) N
E 0 ' B
-
O -200 <N
p _
E -400 _—
() i
-600
(b)
-800 L

-0.1 20.05 0 0.05 0.1
Bias Voltage V (V)

Fig. 5.4. (a) I-V characteristics of the nanogap during SFCE procedure. (b) Electrical
properties after formation of the nanogap using SFCE method.
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Fig. 5.5. (a) Magnetoresistance characteristics of planar-type Ni-Vacuum-Ni tunnel
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Fig. 5.6. (a) Geometry of Ni electrode placed in the gap between the Au contact pads.
(b) M-H properties of Ni electrode placed in the gap between the Au contact pads.
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5.3.2 Asymmetrical Broad Bean-Shape Electrodes
Table 5.4 shows Ni nanoconstriction connected asymmetrical broad bean-shape
electrode before and after performing the stepwise feedback-controlled electromigration
(SFCE) method. This asymmetrical broad bean-shape electrode is also induced
magnetic shape anisotropy [16]. Figure 5.7(a) exhibits current-voltage (I-V)
characteristics measured after each SFCE step. Initial resistance of this device is 280 Q,
which increases to 23 kQ with progression the SFCE procedure. This result is similar to
that of Ni nanoconstriction connected asymmetrical butterfly shape electrode. Therefore,
the control of the resistance of the nanoconstriction using the SFCE technique is hardly
affected by the shape of the electrode. The electrical properties at 16 K also show a peak
in the inelastic electron tunneling spectrum (IETS), as shown in Fig. 5.7(b). This
implies that the current is due to the electron tunneling between source and drain
electrodes through the vacuum tunnel barrier formed by final SFCE procedure.
Magnetoresistance (MR) properties of the nanogap connected asymmetrical
broad bean-shape electrode at 16 K, as shown in Fig. 5.8. The MR ratio of ~7 % was
obtained at 16 K. The resistance increases sharply around 300-400 Oe, and then rapidly
decreases to its initial value at 1200-1500 Oe. The difference of coercivity field is
induced by magnetic shape anisotropy of the asymmetrical shape of the Ni electrodes.
Hence, one can easily fabricate the planar-type ferromagnetic Ni-Vacuum-Ni tunnel

junctions using the SFCE technique.
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Table 5.4. The SEM images of Ni nanoconstriction connected asymmetrical broad bean-
shape electrode before and after the SFCE procedure.

Before Activation After Activation

Nanogap

SEM Image
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Fig. 5.7. (a) I-V characteristics of the nanogap during SFCE procedure. (b) Electrical
properties after formation of the nanogap using SFCE.
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Fig. 5.8. Magnetoresistance characteristics of planar-type Ni-Vacuum-Ni tunnel junction
fabricated by SFCE.
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5.4 Summary

In conclusion, a simple method for the control of the resistance on
nanoconstriction and fabrication of planar-type Ni-Vacuum-Ni ferromagnetic tunnel
junctions, based on feedback-controlled electromigration, has been presented. The
resistance of nanoconstriction after stepwise feedback-controlled electromigration
(SFCE) procedure was adjusted to be in tunneling regime. After performing the SFCE
procedure, the derivative conductance curve shows inelastic excitations in Ni-Vacuum-
Ni tunnel junctions at 16 K. Furthermore, the junction also exhibits magnetoresistance
(MR) properties. This suggests that the nanogaps fabricated by SFCE technique act as
vacuum tunnel barrier. These results imply that this simple technique can simplify the

fabrication of planar-type ferromagnetic tunnel junctions.
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Chapter 6

Formation of Planar-Type Ni-Vacuum-Ni
Ferromagnetic Tunnel Junctions Using
Field-Emission-Induced Electromigration

6.1 Introduction

Fabrication techniques of nanogaps using electromigration (EM) approaches have
attracted considerable attention, because EM processes are simple and easy methods for
the fabrication of nanogaps. We have proposed a unique method to produce nanogaps,
field-emission-induced EM, in which we call this approach “activation” [1-4]. In the
activation process, EM is caused by Fowler-Nordheim (F-N) field emission current
passing through the nanogap. During the activation, bias voltages are applied to the
nanogap with initial gap separation of a few tens of nanometers. Consequently, field
emission current flow occurs through the gap and finally activates the metal atoms at
the tip of source electrode. Activated metal atoms easily move towards the drain
electrode, resulting in a decrease of the separation of the nanogap. Therefore, the tunnel
resistance of the nanogap decreases after performing the activation. In other words, the
tunnel resistance of the junction consisted of the nanogap is precisely controlled by
varying the value of the preset current. In this chapter, magnetoresistance (MR)
properties of planar-type Ni-Vacuum-Ni ferromagnetic tunnel junctions formed by the
activation technique are investigated. In this tunnel junction system with vacuum
barriers, spin-polarized electrons may be transported without physical interaction from

insulating barrier materials.
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6.2 Micromagnetic Simulation

For ferromagnetic Ni nanogaps, a configuration of source and drain electrodes
must be designed to give them different magnetic shape anisotropies, so that they
undergo magnetic reversal at different values of the applied magnetic field. In order to
obtain the optimal shape in which antiparallel (AP) configuration of two magnetic
moments is most stable, we have performed micromagnetic modeling of various
geometries using the object oriented micromagnetic framework (OOMMEF) software
built on Landau-Lifshitz-Gilbert equation [5] and have had good success with an
asymmetrical butterfly pattern represented in the Fig. 6.1. This structure is contracted
50 % from Fig. 5.1. In this pattern, width of source and drain electrodes is 200 nm and
300 nm, respectively. Length of the electrodes is almost the same, which are 650 nm
and 720 nm. Since the source electrode has larger aspect ratio than that of the drain
electrode, it is assumed that the coercive field of the source electrode is larger than that
of the drain one.

Table 6.1 exhibits parameters of the micro magnetic simulations. The saturated
magnetization used in the calculation M, is 480 x 10° A/m, the exchange couplings 4,
and damping coefficient a are 9 x 10™"" J/m and 0.5, respectively. We have assumed the
anisotropy energy K to be zero as most of the patterned samples made by lift-off
technique are polycrystalline with a very small crystalline anisotropy; we can see more
clearly the effect of shape anisotropy. The cell size of the simulations has chosen to be 5
nm. First, a magnetic field of 1000 Oe was applied to y axis from demagnetization state.
Then, the magnetic field is varied from 1000 to -1000 Oe and reverse.

Figure 6.2 shows the calculated hysteresis loop for 30 nm-thick Ni nanogap

electrode with asymmetrical butterfly configuration. The gap width between a pair of
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electrodes is assumed to be 10 nm in this calculation. The hysteresis curve draws
plateau from -400 to -520 Oe and 400 to 520 Oe, suggesting that the magnetization
direction of two electrodes can realize a stable AP alignment state. These results imply
that spin configurations of Ni nanogap exhibit sharp reverse of spin configuration, as
shown in Table 6.2.

Furthermore, another asymmetrical butterfly pattern was also calculated as shown
in Fig. 6.3. In this pattern, width of source and drain electrodes is 400 nm and 600 nm,
respectively. Length of the electrodes is almost the same, which are 1300 nm and 1440
nm. Since the source electrode has larger aspect ratio than that of the drain electrode, it
is assumed that the coercive field of the source electrode is larger than that of the drain
one. Table 6.3 shows parameters of the micro magnetic simulations, which is same
parameters of Table 6.1.

Figure 6.4 shows the calculated M-H loop for 30 nm-thick Ni nanogap electrode
of Fig. 6.3. The hysteresis curve draws clear plateau from -140 to -340 Oe and 140 to
340 Oe, suggesting that the magnetization direction of two electrodes can realize a
stable AP alignment state. These results imply that spin configurations of Ni nanogap

exhibit sharp reverse of spin configuration, as shown in Table 6.4.
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Fig. 6.1. The schematic of Ni nanogap for simulation.

Table 6.1. The basic parameters used for the simulations.

Material Name Nickel
Saturation Magnetization (Ms) 480%10° A/m
Exchange Stiffness constant (A) 9%1072 J/m
Anisotropic Constant (Ku) 0 J/m®
Damping Constant (a) 0.5
Cell Size 5nm
Initial Magnetization random
Sweep step of Field (H) 20 Oe
Thickness 30 nm
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Fig. 6.2. The schematic of Ni nanogap for simulation.

Table 6.2. Spin configuration for Ni nanogap.

500 Oe 0 Oe -400 Oe -520 Oe -1000 Oe

Spin Configuration
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Fig. 6.3. The schematic of Ni nanogap for simulation.

Table 6.3. The basic parameters used for the simulations.

Material Name Nickel
Saturation Magnetization (Ms) 480%10° A/m
Exchange Stiffness constant (A) 9%107'2 J/m
Anisotropic Constant (Ku) 0 J/m®
Damping Constant (a) 0.5
Cell Size 5nm
Initial Magnetization random
Sweep step of Field (H) 20 Oe
Thickness 30 nm
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Table 6.4. Spin configuration for Ni nanogap.
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Spin Configuration
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6.3 Planar-Type Ni-Vacuum-Ni Ferromagnetic  Tunnel
Junctions Fabricated by Activation Technique

6.3.1 Asymmetrical Butterfly-Shape Electrodes with the Size of
720x500 nm’

Figure 6.5 shows the schematic of nanogap formation using field-emission-
induced electromigration (activation) technique. For the fabrication of devices shown in
Table 6.5, electrical contact pads and ferromagnetic nanogaps were prepared by a two-
step lithography procedure on Si wafers coated with 100 nm thermal oxide. First, Ti/Au
contact pads, separated by 250 nm, were patterned by electron-beam (EB) lithography
and EB evaporation onto the surface of SiO,. The contact pads were consisted of 5 nm-
thick Ti and 25 nm-thick Au films. Then, 25 nm-thick Ni nanogaps with the spacing
raging from 20 to 50 nm were defined in the gap between the Ti/Au contact pads. The
roughness of SiO; between source and drain electrodes is around 3 nm.

In order to achieve sub-10 nm spacing, initial gap separation between source and
drain electrodes is progressively narrowed by the activation method, for electron
transport in tunneling regime. Activation process was performed in a vacuum chamber
at room temperature so as to mitigate oxidation of Ni atoms near the gap. A scanning
electron microscopy (SEM) image of a representative planar-type Ni nanogap with
initial gap separation of approximately 20 nm is shown in Table 6.5. The tip shape of
the nanogaps was sharpened to generate field emission current caused by electric field
concentration at the tip of the source and drain electrodes. We measured all of the
electron transport properties during and after the activation step with a semiconductor
parameter analyzer using high resolution source-monitor units in a shielded room. The
resolution of the system is 0.1 fA/0.5 uV. Mechanical vibrations were also suppressed in

our measurement setup. A magnetic field was applied parallel to the easy axis of
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magnetization along their long axis of the electrodes and was swept up to 2400 Oe.

Figure 6.6(a) shows electrical characteristics of the nanogap before and after
performing the activation at room temperature with the preset current /; = 25, 65, and 80
HA. Initial gap separation of the nanogap was 45 nm. Consequently, the tunnel
resistance of the nanogap was decreased from over 100 TQ to 169 kQ using the
activation procedure. Figure 6.6(b) exhibits the current and derivative conductance as a
function of the bias voltage at 16 K. The effective barrier height and barrier thickness of
the planar-type Ni-Vacuum-Ni ferromagnetic tunnel junction formed by the activation
were obtained, respectively, as 4 eV and <1 nm by the fitting of Simmons model [6].
The results suggest that the nanogap formed by the activation technique acts as a planar-
type ferromagnetic tunnel junction with vacuum tunnel barrier.

Furthermore, Fig. 6.7(a) shows MR curve of the planar-type Ni nanogap at 16 K.
The MR properties were measured at 16 K so as to exclude the influence of the thermal
excitation electrons. The figure exhibits typical shape of major loop characteristics. It is
shown in Fig. 6.7(a) that the MR value exhibits approximately 11.4 % with the bias
voltage of 1.8 mV at 16 K. We can compare the magnitude of the MR with Julliere
formula [8]: MR = (R,p-R,)/R, = 2P’/ (1-P%), where R, and R, are the resistance of the
magnetic tunnel junction (MTJ) corresponding to antiparallel and parallel magnetization
of the ferromagnetic electrodes, respectively, and P is the tunneling spin polarization.
Using Py; = 0.23 [9], the Julliere estimate is MR = 11.2 %. The MR ratio observed in
Fig. 6.7(a) approximately corresponds to that estimated by the formula. Therefore, this
result implies that the Ni nanogap acts as a planar-type Ni-Vacuum-Ni ferromagnetic
tunnel junction, i.e., Ni electrodes are separated with single vacuum barrier. In fact, the

vacuum barrier consisted of the nanogap is clearly exhibited in Table 6.5. The MR value
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as a function of the applied bias voltage is represented in Fig. 6.7(b). With increasing
the bias voltage from 1.8 to 22.5 mV, the MR value shows strong dependence on the
bias voltage and decreases from 11.4 to 3.2 %, respectively. This bias dependence
resembles the MR property as a function of bias voltage in electromigrated
ferromagnetic breakjunctions with vacuum tunnel barriers [10].

Figure 6.8(a) shows magnetoresistance (MR) curves of the nanogap after
performing the activation with /; = 80 pA. The curves are offset vertically for clarity. At
applied magnetic field of 1200 Oe, the resistance increases rapidly. Then, the increased
resistance drops down to the initial magnitude at approximately -1500 Oe, as shown in
Fig. 6.8(a). In our measurement setup, the maximum external field is limited to £2400
Oe. Therefore, these switching behaviors draw the typical shape of minor loop
characteristics, in which the magnetization of the drain electrode should be reversing
because the coercive force of the source is larger than that of the drain, as mentioned
above. Furthermore, these minor loop properties imply that the coercive force of both
source and drain electrodes increases as compared with the calculated result by Object
Oriented MicroMagnetic Framework (OOMMF) shown in Fig. 6.2. It is considered that
the surface of the Ni electrodes is usually covered with the native oxide of Ni, NiO.
Since NiO is a famous antiferromagnetic material, the magnetization of the source
electrode might be rigidly pinned by NiO [7]. The MR ratio of 12.2 % was obtained at
16 K and decreased from 12.2 % to 6.2 % with the increase of the bias voltage from
0.72 to 7.3 mV, as shown in Fig. 6.8(b). Since the nanogap simply consists of single
vacuum barrier and Ni electrodes, the MR value is almost corresponding to that
predicted by Julliere formula [8].

The temperature dependence of the MR ratio in the planar-type Ni-Vacuum-Ni
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ferromagnetic tunnel junction formed by the activation is also exhibited in Fig. 6.9. In
this figure, the applied bias voltage is fixed at 1.6 mV, and the measurement temperature
is varied from 16 to 270 K. The MR ratio rapidly decreases from 11.6 to 1.2 % with
increasing the temperature. It is noted that the dependencies of the MR ratio on the bias
voltage and the measurement temperature are generally similar to those of Al,Os-based
conventional MTJ stack. These results shown in Fig. 6.8(b) and Fig. 6.9 might be
caused by ‘“Vacuum” tunnel barrier system. In contrast to MgO barriers in
Fe(001)/MgO(001)/Fe(001) single-crystalline MTJs [11], “Vacuum” barriers hardly
promote efficient bonding and tunneling transmission of particular electron states. Thus,
the magnitude of the MR appeared in Ni-Vacuum-Ni tunnel junction system clearly
depends on the density of states of majority and minority spin electrons at the Fermi
energy of the individual ferromagnetic electrode, as defined by Julliere’s formulation.
Actually, the MR ratios in agreement with Julliere’s model are obtained experimentally.
Hence, these results imply the activation technique can easily fabricate planar-type Ni-
Vacuum-Ni ferromagnetic tunnel junctions and is suitable for the fabrication of various

magnetoresistive nanoscale devices with vacuum tunnel barriers.
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Fig. 6.5. Schematic of activation procedure. Initial gaps of Ni are fabricated on SiO,/Si
substrates.
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Table 6.5. The SEM images of Ni nanogap connected asymmetrical butterfly shape

electrode before and after the activation procedure.

Before Activation After Activation

SEM Image
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Fig. 6.6. (a) I-V characteristics of the nanogap during activation procedure at room
temperature. (b) Bias voltage dependence of the current and the derivative conductance
of the nanogap at 16 K.
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Fig. 6.8. (a) MR properties of the nanogap after performing the activation with /; = 80
nA. The curves are offset vertically for clarity. (b) MR ratio as a function of bias voltage
at 16 K.
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6.3.2 Asymmetrical Butterfly-Shape Electrodes with the Size of
1440x1000 nm*

Table 6.6 shows scanning electron microscopy (SEM) and atomic force
microscope (AFM) images of a Ni initial nanogap before and after performing the
activation procedure. The separation of the gap is approximately 40 nm, which is
completely defined by electron-beam (EB) lithography. The figures clearly indicate that
the separation of the initial nanogap reduces from about 40 nm before the activation to
less than 10 nm after the activation. These observations strongly imply that the initial
gap separation is clearly reduced from approximately 40 nm to less than 10 nm by the
activation technique.

Figure 6.10(a) shows the current-voltage (/-}) characteristics of the nanogap
before and after the activation with the preset current /; from 4, 40, and 65 pA. The
tunnel resistance R decreases from the order of 100 TQ to 95 kQ with increasing the
preset current /. Figure 6.10(b) exhibits the current and derivative conductance as a
function of the bias voltage at 16 K. Since a sharp peak structures in the inelastic
electron tunneling spectrum can be observed around +20 mV, which may be caused by
the Ni phonon [12], the current is due to the electron tunneling between source and
drain electrodes through the vacuum tunnel barrier. The results suggest that the nanogap
formed by the activation technique acts as a planar-type ferromagnetic tunnel junction
with vacuum tunnel barrier.

The Magnetoresistance (MR) curve of the planar-type Ni nanogap fabricated by
activation technique is shown in Fig. 6.11(a). The resistance increased sharply at a
magnetic field of approximately 400 Oe, and then rapidly dropped down to the initial
value at about 1800 and -1000 Oe. A MR ratio as large as 80 % was obtained. Fig.

6.11(b) represents the MR ratio as a function of the bias voltage. The MR ratio of the
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device decreases from approximately 350 % to 80 % with the increase of the bias
voltage. This tendency is also similar to the behavior of electromigrated ferromagnetic
breakjunctions with vacuum tunneling gap [10]. As shown in Table 6.6, Ni island
structure is placed in the nanogap. The island size was estimated to be 70 nm from the
charging energy of Fig. 6.10(b), which is larger than that of the SEM image of Table 6.6.
Since the activation process is based on the motion of Ni atoms, the Ni atoms tend to
accumulate as Ni dots/clusters in the nanogap and act as multiple islands, which are not
resolved even by SEM and AFM. Therefore, these high MR ratios may be due to the
single-electron charging effects caused by multiple ferromagnetic tunnel junction
system in the nanogap [13]. The results suggest that the activation technique is suitable
for the fabrication of planar-type ferromagnetic single-electron transistors (FMSETSs)

with vacuum tunnel barriers.
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Table 6.6. The SEM and AFM images of Ni nanogap connected asymmetrical butterfly
shape electrode before and after the activation procedure.

Before Activation After Activation

SEM Image

Mnitial Gap

/

AFM Image
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Fig. 6.10. (a) I-V characteristics of the nanogap during activation procedure at room
temperature. (b) Bias voltage dependence of the current and the derivative conductance
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6.4 Summary

Planar-type Ni-Vacuum-Ni ferromagnetic tunnel junctions are fabricated using
field-emission-induced electromigration (EM), in which we call this approach
“activation”. The activation is a simple and easy method for the control of tunnel
resistance by only adjusting the magnitude of the preset current. We can easily obtain
planar-type ferromagnetic tunnel junctions by monitoring the current passing through
ferromagnetic nanogaps using the activation method. In order to induce magnetic shape
anisotropy, asymmetrical butterfly-shape Ni nanogaps were patterned.

The resistance of the junction formed by the activation was varied by applying
magnetic fields at 16 K. The magnetoresistance (MR) behaviors exhibited the typical
shape of minor loop characteristics. The MR ratio decreased from 12.2 to 6.2 % with
increasing the bias voltage from 0.72 to 7.3 mV. Furthermore, with increasing the
measurement temperature from 16 to 270 K, the MR value decreases from 11.6 to 1.2 %.
The MR value was almost corresponding to that estimated by the Julliere formula,
suggesting that the nanogap simply acts as a Ni-Vacuum-Ni junction. These results
imply that activation technique is effective to fabricate planar-type ferromagnetic
nanoscale devices with vacuum tunnel barriers.

On the other hand, MR ratio in excess of 300 % at 16 K was obtained in the Ni
nanogap with Ni clusters/dots fabricated by activation process. The MR increases from
80 % to 300 % with decreasing the bias voltage. The Ni clusters/dots act as multiple Ni
islands of single-electron transistor. Thus, the high MR ratio may be due to the single-
electron charging effects caused by ferromagnetic multiple tunnel junctions. The results
strongly suggest that this EM technique can be useful to easily fabricate planar-type

ferromagnetic devices with Ni-Vacuum-Ni tunnel junctions.
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Chapter 7

Planar-Type Single-Electron Transistors
Produced by
Field-Emission-Induced Electromigration

7.1 Introduction

Fabrication and control of nanometer-scale devices such as single-electron
transistors (SETs) have recently become promising subjects of intensive study. Room
temperature operation of the devices is considered to be an important milestone in SETs
history. So far, a number of experiments have been reported for the production of SETs
using nanofabrication scheme, which involves either highly elaborate electron-beam
(EB) lithography [1], or special techniques and processes, such as shadow evaporation
[2], deposition of metal nanoparticles [3-7], electromigration (EM) -induced breaking of
thin metal wires defined by EB lithography [8, 9] and resistive microstrips with no
intentional tunnel junctions [10, 11]. However, the SETs fabricated by these methods
have been mainly restricted to the low temperature operation because of its small
charging energy. Therefore, in order to investigate planar-type SETs, sophisticated
nanofabrication scheme is required because of sub-nanometer dimension of the devices
with higher operation temperature.

Previously, we have reported a wide-range control of tunnel resistance of Ni
nanogaps having less than 70 nm separations using electromigration method induced by
field emission current [12-14]. By applying a voltage to the Ni initial nanogaps, Fowler-
Nordheim (F-N) field emission current flows through the nanogaps. The Ni atoms at the

tip of the source electrode are sufficiently activated by the F-N field emission current
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for the migration. Afterwards, the transfer of the Ni atoms from source to drain
electrode is easily generated. Therefore, the separation of the nanogaps after performing
the migration becomes narrower than that before the migration, resulting in a decrease
of the tunnel resistance of the nanogaps. We call this electromigration procedure
“activation”. Similar processes have been reported previously in studies of the
formation of Au bridges across 70 nm slits [15] and insulated planar nanoscopic
contacts [16]. These phenomena can be understood on the basis of the electrical
breakdown procedure in planar contacts. In this paper, we describe a fabrication scheme
of planar-type Ni-Vacuum-Ni based SETs with multiple tunnel junctions using
activation method. Current-voltage (/-}) characteristics of the devices formed by the
activation clearly exhibited the suppression of electrical current at low-bias voltages
known as the Coulomb Blockade and Coulomb blockade voltage was also modulated by
the gate voltage quasi-periodically at room temperature. Furthermore, we observed
Coulomb staircase at 16 K. The control procedure of single-electron charging energy
and the number of islands in the devices by the preset current of the activation is studied

in detail.
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7.2 Experimental Procedure

Activation experiments were performed on 100 nm thick, thermally grown SiO,
surface on Si substrates. First, 25 nm thick Au contact pads were fabricated upon 5 nm
Ti layer by electron-beam (EB) lithography and EB evaporation. Then, 20 nm thick,
arrow-shaped Ni nanogaps with separations of 21-68 nm were formed by the same
procedure in the gap between the Au contact pads. The arrow-shaped source-drain
electrodes cause the concentration of electric field at the tip of the nanogap electrodes.
Figure 7.1(a) shows a scanning electron microscope (SEM) image of the initial nanogap.
Before performing the activation, the nanogap in the device exhibited the separation of
33 nm with high tunnel resistance above 100 TC.

Following these fabrication processes, we applied the activation procedure to the
nanogaps. Initial nanogaps were installed on a stage with manual probes in a vacuum
chamber with a pressure of 10°-10* Pa and were optionally selected from among the
samples for the activation procedure. Through the experiments, the activation procedure
was carried out in the vacuum chamber at room temperature. The electrical properties of
the nanogaps during the activation were controlled and measured by a semiconductor
parameter analyzer. Figure 7.2 shows flowchart of fabrication for SETs using activation
procedure. The detailed activation process for the fabrication of the SETs consists of
four main steps: (1) we set the magnitude of preset current /;, (2) the voltage V is
applied to the initial nanogap and is ramped up while monitoring the current / passing
through the nanogap, (3) we stop the voltage J when the current / reaches a preset
current /;, and (4) after performing the activation, drain current /; - drain voltage V,
properties of the device are measured with the modulation of gate voltage V, to confirm

SET characteristics. This procedure was continuously repeated to the devices with
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increasing the preset current from 1 nA to 150 pA.
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Fig. 7.1. SEM images of nanogap (a) before and (b) after activation with the preset
current /; = 150 pA.
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7.3 Drain Current-Drain Voltage Properties @ RT

The activation procedure was performed for the fabrication of planar-type Ni-
based single-electron transistors (SETs). In the fabrication step of the SETs, as
mentioned above, the voltage V' was applied to the nanogaps with the preset current /;
from 1 nA to 150 pA. Figure 7.1(a) shows a scanning electron microscopy (SEM)
image of Ni initial nanogap before the activation. In the figure, initial gap separation is
estimated to be approximately 33 nm. A SEM image of the nanogap after the activation
with the preset current /; = 150 pA is exhibited in Fig. 7.1(b). The image clearly
indicates that the gap separation was narrowed from 33 nm to less than 10 nm by the
accumulation of Ni atoms within the gap, suggesting the formation of Ni cluster/dot
structures between source and drain electrodes.

Figure 7.3 represents the relation between the tunnel resistance R of the nanogaps
and the preset current /; during the activation procedure. The tunnel resistance R, which
is defined as the resistance of the nanogaps in the low-voltage regime, was measured
after performing the activation. The result suggests that the tunnel resistance R was
decreased from 100 TQ to 100 kQ by increasing the preset current /; from 1 nA to 150
nA and was well controlled by the preset current /;. Moreover, a marked decrease in the
tunnel resistance R is clearly seen on the current range of 100 nA < Is < 10 pA. We
defined the current range as “Tunneling” in which the electrical properties of the
nanogaps vary between “Insulating” and “Metallic” characteristics at room temperature
[12-14].

From the point of view of the fabrication scheme of SETs, activation conditions
were investigated in “Tunneling” regime, as shown with A, B and C in Fig. 7.3. First,

we studied the electrical characteristics of the nanogap activated with the preset current
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I, = 400 nA (“A” in Fig. 7.3). Figure 7.4(a) shows the I;-V; characteristics of the
nanogap labeled “A” as a function of V; and a current map measured as a function of V'
and V, (inset). In the device, the gate voltage V; was swept from -37 V to -35 V by 0.1
V step at room temperature. In Fig. 7.4(a), Coulomb blockade can be observed in the 7;-
V,; characteristics corresponding to the charging energy E. = 580 meV. Moreover,
Coulomb blockade voltage was also modulated by the gate voltage V, quasi-periodically,
resulting in the formation of multiple tunnel junctions of the SETs. In general, Coulomb
blockade is clearly visible when the charging energy is about ten to twenty times higher
than the value of thermal fluctuation [17-20]. Hence, the device can be operated as the
SETs at room temperature. The same measurement procedure was applied to the device
after performing the activation with the preset current /; = 650 nA, as shown with “B” in
Fig. 7.3. 1V, properties and a charging diagram were shown in Fig. 7.4(b). For the
increase of the preset current /; from 400 nA to 650 nA, the tunnel resistance of the
device was reduced from 75 TQ to 490 GQ as shown in Fig. 7.3. Furthermore, the
charging energy E. of the device was also decreased from 580 meV to 470 meV with
increasing the preset current. In spite of the decrease of the charging energy, several
Coulomb peaks were obtained at room temperature, as shown in the inset of Fig. 7.4(b).
This proves unambiguously that the device consists of metallic clusters/dots connected
to source and drain electrodes through the multiple tunnel junctions, rather than a single
junction. Figure 7.4(c) shows the electrical characteristics of the nanogap activated with
the preset current /; = 1.5 pA (“C” in Fig. 7.3), which is close to the preset current for
“Metallic” activation regime. In the activation condition with I, = 1.5 pA, electrical
properties of the device gradually approach to “Metallic” properties. Therefore, the

charging energy E. of Fig. 7.4(c) was further reduced to 400 meV. Multiple Coulomb
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diamonds were, however, still exhibited with the gate voltage. Hence, it is suggested
that the Ni atoms tend to accumulate as Ni clusters/dots in the nanogap between source
and drain electrodes, and act as multiple islands of the SETs. Furthermore, these results
imply that the number of islands can be controlled by the magnitude of the preset
current passing through the nanogap during the activation.

Figure 7.5 represents the fabrication conditions of the SETs as a function of initial
gap separation W of the nanogaps and the preset current /; of the activation procedure.
Filled circles indicate that the devices show Coulomb blockade voltage in the I,V
characteristics at room temperature. Filled triangles and squares represent the devices
with non-linear [;-V; characteristics without Coulomb blockade properties and
completely linear /;-V; characteristics, at room temperature, respectively. The labels A,
B and C in Fig. 7.5 correspond to those in Fig. 7.3 and 7.4. From the figure, the
formation of the SETs operating at room temperature is achieved using the preset
current from 107 A to 10” A in combination with the initial gap separation of the

nanogaps from 21 nm to 68 nm.
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7.4 Drain Current-Drain Voltage Properties @ 16 K

Particularly, the devices labeled a, B and y didn’t show Coulomb blockade
properties at room temperature. However, when we cooled the devices to 16 K, the 1;-V;
curves exhibited a clear suppression of the conductivity around zero bias regime, as
shown in Figs 7.6(a), (b) and (c). The charging energy estimated from the /,-V; curves
of sample a (Fig. 7.6(a)) and sample B (Fig. 7.6(b)) was 400 meV and 300 meV, at 16 K,
respectively. This is due to the fact that the activation condition of sample B is closer to
“Metallic” regime than that of sample a. Furthermore, Coulomb staircases and periodic
differential conductance peaks can be seen at 16 K in sample y activated with the preset
current /; = 70 pA, as shown in Fig. 7.6(c). This result suggests that the single-electron
transistor (SET) having asymmetrical two tunnel junctions with single island structure is
formed using the activation condition within “Metallic” regime. It is noted that the
charging energy of sample v is determined to be 190 meV at 16 K but completely linear
1;-V4 characteristics are obtained at room temperature. These results indicate that the
charging energy of the devices was decreased from 400 meV to 190 meV even at 16 K
with increasing the preset current from 1 pA to 70 pA, respectively.

Figure 7.7 shows the charging energy E. of the devices as a function of the preset
current /; during the activation. The charging energy of the devices strongly relates with
the preset current of the activation procedure, rather than the initial gap separation of the
nanogaps. The results imply that the growth of Ni islands with increasing the preset
current causes the increase of the size of the islands and results in the decrease of the
number of the islands. Consequently, the preset current /; in the activation procedure
can control the charging energy and the number of islands during the formation of the

SETs. Therefore, it is considered that initial gap separation and preset current are
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important parameters so as to optimize the fabrication scheme of planar-type SETs by

activation method.
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7.5 Summary

In conclusion, we present a novel technique for the fabrication of planar-type Ni-
based single-electron transistors (SETs) consisting of nanogaps. This method is based
on electromigration induced by F-N field emission current and is called “activation”.
When the activation was applied to the nanogaps, the -V, characteristics of the
nanogaps at room temperature displayed Coulomb blockade properties. Additionally,
Coulomb blockade voltage was modulated by the gate voltage quasi-periodically,
resulting in the formation of multiple islands of SETs. Furthermore, as the preset current
I; was increased, the charging energy E. was decreased. It is suggested that the control
of the charging energy E. is possible with the preset current /s of the activation. In
contrast to the previously reported method, the present method allows us to simplify the
fabrication process further and control the charging energy and the number of the
islands of the planar-type Ni-based SETs at room temperature. The activation is simple

and easy method for the fabrication of planar-type SETs.
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Chapter 8

General Conclusions

8.1 Planar-Type Ni-Ni oxide-Ni Ferromagnetic Tunnel
Junctions Obtained by SPM Local Oxidation

Scanning probe microscopy (SPM) local oxidation technique was applied to Ni
thin films for the fabrication of nanoscale magnetoresistive devices. For the observation
of magnetoresistance (MR) difference across the junction, the Ni channel was
asymmetrically patterned by focus ion beam lithography and photolithography, in order
to induce magnetic shape anisotropy. Ni oxide wires formed by SPM local oxidation act
as insulating barrier Non-linear current-voltage (/-V) characteristics were obtained from
planar-type Ni-Ni oxide-Ni ferromagnetic tunnel junctions. This suggests that which
suggests that Ni oxide wires formed by SPM local oxidation technique act as an
insulating barrier material for the electron. The MR properties of planar-type Ni-Ni
oxide-Ni ferromagnetic tunnel junction were clearly observed by applying a magnetic
field. MR ratio exhibited above 100 % at 16K and decreased with increasing the bias
voltage and measurement temperature. This result strongly suggests that planar-type Ni-
Ni oxide-Ni ferromagnetic tunnel junctions show the possibilities for nanoscale

magnetoresistive devices.
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8.2 Stepwise Feedback-Controlled Electromigration for
Fabrication of Planar-Type Ni-Vacuum-Ni Ferromagnetic
Tunnel Junctions

A simple method for the control the resistance of the nanoconstrictions and
fabrication of planar-type ferromagnetic tunnel junctions, based on the break of metal
nanoconstrictions induced by stepwise feedback-controlled electromigration (SFCE). In
order to induce magnetic shape anisotropy, asymmetrical butterfly shape and broad bean
shape were patterned for Ni nanoconstrictions. Using the SFCE technique, the
resistance of nanoconstrictions can be controlled from metallic regime to tunneling
regime. Since a peak in the inelastic electron tunneling spectrum of electrical properties
after performing the SFCE process can be observed, the current due to the electron
tunneling between Ni electrodes through the vacuum barrier. Furthermore,
magnetoresistance (MR) curves of planar-type Ni-Vacuum-Ni ferromagnetic tunnel
junctions clearly show the major loop properties at 16 K. The MR ratio of
approximately 4 % at 16 K decreases with the increase of the bias voltage. These results
suggest that the SFCE technique can be useful to easily fabricate planar-type

ferromagnetic devices with Ni-Vacuum-Ni tunnel junctions.

8.3 Formation of Planar-Type Ni-Vacuum-Ni Ferromagnetic
Tunnel  Junctions Using  Field-Emission-Induced
Electromigration

We have investigated a novel technique for the formation of nanogaps, which is
based on field-emission-induced electromigration (activation). In the nanogaps with

asymmetrical butterfly shape, the tunnel resistance of the nanogaps decreased from 100
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TQ to 100 kQ with increasing the preset current /; during activation procedure.
Magnetoresistance (MR) ratio of 12.2 % was obtained from planar-type Ni-Vacuum-Ni
ferromagnetic tunnel junction at 16 K. The MR ratio approximately corresponds to that
estimated by Julliere formula and decreases with increasing the applied bias voltage. On
the other hand, MR ratio in excess of 300 % at 16 K was obtained in the Ni nanogap
fabricated by this newly proposed activation process. The results strongly suggest that
this EM technique can useful to easily fabricate planar-type ferromagnetic devices with

Ni-Vacuum-Ni tunnel junctions.

8.4 Planar-Type Single-Electron Transistors Produced by
Field-Emission-Induced Electromigration

Planar-type single-electron transistors (SETs) fabricated using field-emission-
induced electromigration (activation) were reported. This technique is based on
electromigration induced by F-N field emission current. When the activation was
applied to the nanogaps, the /,-V; characteristics of the nanogaps at room temperature
displayed Coulomb blockade properties. Additionally, Coulomb blockade voltage was
modulated by the gate voltage quasi-periodically, resulting in the formation of multiple
islands of SETs. Furthermore, as the preset current /; was increased, the charging energy
E. was decreased. It is suggested that the control of the charging energy E. is possible
with the preset current /; of the activation. In contrast to the previously reported method,
the present method allows us to simplify the fabrication process further and control the
charging energy and the number of the islands of the planar-type Ni-based SETs at room
temperature. The activation is simple and easy method for the fabrication of planar-type

SETs.
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8.5 Summary

In conclusions, scanning probe microscopy (SPM) local oxidation, stepwise
feedback-controlled  electromigration  (SFCE), and  filed-emission-induced
electromigration (activation) are proposed as novel nanofabrication techniques. These
novel techniques can be fabricated oxide of vacuum tunnel barriers with nanometer
scale. This suggests that planar-type ferromagnetic nanoscale devices can be fabricated
using the techniques.

Planar-type ferromagnetic tunnel junctions fabricated by these techniques exhibit
tunneling transport and magnetoresistance characteristics at 16 K. Furthermore,
electrical properties of planar-type single-electron transistors (SETs) can be controlled
using activation technique.

Finally, we can imagine experiments probing the electrical and magnetoresistive
characteristics of planar-type ferromagnetic single-electron transistors (FMSETs) much
more controllably than the experiments in Chapter 6 and 7 by sophisticated these
techniques. It would be interesting to observe the interplay of spin and charge in

FMSETs.
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