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Chapter 1
Introduction to silicon-based
spintronic devices

This introduction presents the device concepts of a spin transistor and the
motivation of the thesis. A brief history of spintronic devices is described to
understand the concept of metal-based and semiconductor-based spintronic
devices. We discuss the issues of spin injection and spin-polarized transport
in semiconductors, and explain why silicon is selected as a semiconductor
material. The requirements and obstacles for the realization of a silicon-based
spin transistor will be discussed. We present the main motivation of the the-
sis, which is to investigate the issues for developing a silicon-based spintronic
devices and to provide the solutions towards a realization of such devices.

1.1 Spintronics and spin transistor
Microelectronics is based on the transport, manipulation, and storage of charge,
with the transistor as the central element[1]. Over the past five decades, there
has been tremendous reduction of the size of the transistor from a few cm to
100 nm to improve performance of the devices. It is expected that this trend,
so called "Moore’s law", might approach a physical limitation, and perhaps, a
technology more than scaling down the device size is required to continue the
miraculous improvement of electronic devices. On the other hand, as mobile
devices—such as cellular phones, digital cameras, personal digital assistants
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(PDAs), and laptop computers—have become ubiquitous, the demand for re-
liable non-volatile memories increases explosively. The non-volatility of a
memory is a great advantage for mobile information devices, since their func-
tions rely on the limited battery life.

Given this, it is not surprising that alternative types of electronics are being
developed. One such approach is spintronics, which represents an emerging
field of electronics based on the spin of electron[2, 3]. The use of electron spin
may provide non-volatility to the electronic devices. Spintronics has diverse
fields of applications, such as magnetic data storages, memories, magnetic
sensors, and microwave components. For instance, one can find the most fa-
mous success of spintronics in hard disk drives. The hard disk drive contains
magnetic materials not only in the recording media, but also in the read head,
which consists of magnetic multi-layers[4]. The unique property of this com-
ponent is the magneto-resistance (MR), the resistance change in response to
a magnetic field.

Although the MR effect in the ferromagnetic transition metals and alloys
has been known for many years, a revolution of spintronics has begun since
Fert et al.[5]and Grünberg et al. [6] discovered the giant magnetoresistance
(GMR) effect in magnetic multilayer systems. They found that the inter-layer
exchange interaction between the adjacent magnetic layers separated by a thin
nonmagnetic spacer favors an anti-ferromagnetic configuration of the mag-
netic layers in remanent state. Because of the spin dependent scattering in
the multilayer system, the resistance of the anti-ferromagnetic configuration
in remanent state is much larger than that of ferromagnetic configuration ob-
tained when an external field is applied. This resulted in the observation of
a giant magnetoresistance ratio of 44% at 4.2 K[5]. It had been difficult to
apply this effect to the real electronics until a soft magnetic GMR system,
namely "spin-valve", was invented[7]. In the spin-valve system, the magne-
tization of one magnetic layer is pinned by the exchange anisotropy from an
anti-ferromagnetic layer or by the large coercivity of the layer itself, while
the magnetization direction of the other magnetic layer can be changed by a
small magnetic field. Consequently, one can control the anti-ferromagnetic or
ferromagnetic configuration using a relatively small magnetic field.

Large MR effects have also been expected in the tunnel junction system
using a spin-polarized tunneling[8]. Moodera et al. [9] and Miyazaki et al.
[10] have discovered the room-temperature tunnel magnetoresistance (TMR)
in the magnetic tunnel junction (MTJ) consisting of two magnetic layers sep-
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arated by a thin insulating barrier. The MTJ became the main building block
of a new type of non-volatile solid state memory, so-called MRAM (Magne-
toresistive Random Access Memory)[11].

The application of spin-dependent transport is not limited to metal-based
spintronics, but also can be extended to semiconductor-based spintronics com-
bining ferromagnetic properties and semiconductor characteristics[2, 3, 12,
16–18]. This new area has arrested a lot of the scientific interests with great
expectations for novel devices by transforming the spin information into an
electrical signal, and vice versa. For example, one can imagine a device which
has the memory function of the magnetic materials and the amplification func-
tion of the semiconductor. One of the main goals of the semiconductor-based
spintronics is to realize a three terminal device, a spin transistor, which has
memory as well as amplification functionalities in one device.

The first type of spin transistor is based on the spin dependent trans-
port in the metallic layers. The spin-valve transistor (SVT)[13]and the mag-
netic tunnel transistor (MTT) [14] are three-terminal hybrid devices consist-
ing of a spin-polarized or a non-spin-polarized hot electron emitter, a ferro-
magnetic metal (FM) base, and a semiconductor collector. In the SVT and
MTT, hot electrons are injected into the FM base by tunneling, scattered
spin-dependently in the FM base, and collected in the conduction band of
the semiconductor[15]. The magnetic response of the SVT and MTT, the so-
called magnetocurrent (MC), is determined by spin-dependent transmission
in the FM base, and, depending on geometry, by the spin-polarized tunneling
from the emitter[15]. These devices show a large MC of a few hundred to a
few thousand percent, but they do not provide the amplification function up
to now.

The second type of spin transistor is based on the spin dependent trans-
port in a semiconductor channel with two ferromagnetic contacts. Datta and
Das have proposed the first concept of a spin field-effect transistor (spin-
FET)[19]. Afterwards, various designs of spin transistors have been proposed
with different structures, materials, and current manipulation mechanisms,
but the realization of those devices has yet to be demonstrated[3, 16–18, 21,
22]. Although there are also different types of spin transistors, in this the-
sis, we concentrate our efforts on a spin transistor with a non-ferromagnetic-
semiconductor channel and ferromagnetic metal contacts. One example of
such devices is the spin-MOSFET[21], a gate-controlled magnetoresistive de-
vice with a semiconductor channel and a ferromagnetic source and drain, in
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which the channel conductance can be modulated by the relative alignment of
the source and drain magnetizations.

The motivation of the thesis is to investigate the issues for the develop-
ment of Si-based spintronic transistors and to provide the solutions towards
a realization of such devices. For a practical realization of this device, the
electrical injection, transport, and detection of spin-polarized carriers in the
semiconductor are required.

1.2 Spin injection and spin-polarized transport in semi-
conductors

There are many excellent original papers and review articles on the spin in-
jection and spin-polarized transport in semiconductors [2, 3, 16-18, 23-38].
In this section, we introduce a very brief part of them, and restrict our discus-
sions to within the scope of the thesis.

The target device of the thesis is a Si-based spin-MOSFET (see Fig. 1.1)
structure consisting of two spin-tunnel contacts for the source and drain elec-
trodes, which operates in the diffusive transport regime. The spin-MOSFET
is analogous to metal-based spin-valve structures of which a non-magnetic
metal spacer is replaced by a semiconductor channel. In order to realize the
spin MOSFET, three requirements should be satisfied.

(1) Injection of spin-polarized current of electrons from FM into semicon-
ductor

(2) Transport of electrons through the semiconductor without losing the
spin information

(3) Detection of spin-dependent transmission into the FM drain contact

It has been found that the first requirement is already a big challenge. The
difficulty arises from the fundamental conductivity mismatch between metal
and semiconductor[25]. The simplest way to inject spin-polarized current of
electrons into a semiconductor is probably to form a direct contact of a ferro-
magnetic metal on a semiconductor. It has been shown that, in the diffusive
transport regime, a direct contact of a ferromagnetic metal on a semiconduc-
tor gives a series circuit with a very small spin-dependent FM resistance and
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Figure 1.1. A schematic diagram of spin-MOSFET consisting of a ferromagnetic
source, a Si channel, and a ferromagnetic drain.

a very large spin-independent semiconductor resistance, resulting in almost
zero spin asymmetry of the current in the semiconductor[25].

This conductivity mismatch problem can be settled by introducing a spin-
dependent resistance at the FM/semiconductor interface[26, 27]. If we intro-
duce, for example, a thin tunnel insulator between the FM and Si, the tunnel
barrier provides additional spin-dependent tunnel resistance. If the resistance
of the contact is higher than a critical value, it is possible to achieve a non-
equilibrium spin polarization in the semiconductor as depicted in Fig. 1.2.
This criterion gives rise to a lower limit of the contact resistance for observ-
ing the electrical spin injection in an FM/semiconductor system.

GaAs has been a pilot system to study the spin injection and the spin-
polarized transport in semiconductors, since optical techniques present versa-
tile tools to detect the spin polarization in GaAs[3, 17, 23, 24]. Many exper-
iments have recently shown that it is possible to inject spin-polarized carriers
from FM metals such as Co and Fe into GaAs, using tunnel barriers to obtain
conductivity matching[23, 24, 31-34].

We have selected Si as a semiconductor channel because Si has a smaller
spin-orbit coupling and a lattice with inversion symmetry, and the mainstream
semiconductor industry is based on Si technology. The properties of Si result
in a longer spin life-time with less spin-relaxation mechanisms than that of
III-V compound semiconductors. There are four mechanisms of spin relax-
ation in semiconductor: the Elliott-Yafet (EY), D’yakonov-Perel (DP), Bir-
Aronov-Pikus (BAP), and hyperfine interaction mechanisms, respectively[3].
The EY mechanism in Si is expected to be weak given the small spin-orbit
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coupling in materials with light elements[3]. The DP and BAP mechanisms
are negligible for n-type Si, since the DP mechanism is associated with mate-
rials lacking inversion symmetry and the BAP mechanisms is substantial only
for p-type semiconductors[3]. The absence of nuclear spin in the most abun-
dant Si isotope reduces spin relaxation via hyperfine interaction. Considering
the fact that the τs in n-type GaAs (nd= 1022 m−3) exceeds 100 ns at 5 K and
1 ns at 100 K[35], a longer spin lifetime may be expected for n-type Si.

A similar approach as was used to inject spin polarized carriers into GaAs
may be envisioned for the technologically most important semiconductor, Si.
However, there has been no evidence of spin accumulation in Si. A complica-
tion is that optical methods to detect spin polarization in, for example, GaAs,
are difficult to use for Si owing to the indirect bandgap of Si. A fully electri-
cal device such as the spin-MOSFET with MR is needed to demonstrate spin
injection into Si. Unfortunately, no electrical spin injection into Si has been
demonstrated in the diffusive transport regime[3, 39]. If the spin polariza-
tion in the semiconductor is detected by optical technique, it is sufficient to
make the resistance of the tunnel contact larger than a critical value to over-
come the conductivity mismatch. However, if this spin polarization is to be
transformed into an electrical signal, for instance, by measuring MR using a
second FM detector contact, an extra condition, not relevant for optical de-
tection, appears[16, 27]. Namely, the total device resistance (R) should be
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as small as possible, since it enters in the denominator of the MR response
(∆R/R). This leads to an upper limit to the contact resistance, which will
be discussed in the next section. The different contact requirements for spin
injection (single FM contact) and MR observation (two FM contacts) may
lead to the situation that a contact that has been demonstrated to work for
spin-injection (as detected for example by optical detection, or by non-local
detection), might not work for MR observation in a two terminal source-drain
geometry. Therefore, we examine the requirements in more detail in the next
section.

1.3 Silicon-based spin-MOSFET

This section describes the device concept of a silicon-based spin-MOSFET,
and the requirements to realize the device. We introduce a theoretical consid-
eration, which provides the criteria to observe magnetoresistance signal in a
semiconductor channel with two ferromagnetic contacts. We establish three
requirements for the source and drain contacts.

1.3.1 Device concept and requirements

Figure 1.1 depicts the basic concept of the Si-based spin-MOSFET, which
is very similar to an ordinary MOSFET except for the ferromagnetic source
and the drain. The structure in Fig. 1.1 is slightly different from original de-
vices proposed by Sugahara et al.[21] in that the Schottky junctions or the
PN junctions of the original device are replaced by tunnel contacts, aiming
to avoid the conductivity mismatch problem. The operation principle of this
device is very simple and analogous to the metal spin-valve system. The re-
sistance of this device depends on the relative magnetization orientation of
the source and drain contacts. If the magnetization orientations of the source
and drain contacts are parallel (anti-parallel), the resistance of the channel is
low (high). As a consequence, it is possible to manipulate the resistance of
the Si channel by controlling the magnetic configurations of the source and
drain contacts as well as by applying the gate bias on the Si channel like in a
conventional MOSFET. This is the main difference of this device in compar-
ison with the Das and Datta spin-FET, where the gate bias is used to actively
modulate the spin orientation of the non-equilibrium spin-polarized carriers



8 Introduction to silicon-based spintronic devices

in a semiconductor channel.
If we set aside the current manipulation in the semiconductor by a gate

bias, the Si spin-MOSFET can be modeled as a structure consisting of ferro-
magnet/ insulator/ silicon/ insulator/ ferromagnet (FM/I/Si/I/FM) layers[16,
21, 27]. Figure 1.3(b) depicts the simplified spin MOSFET structure consist-
ing of a ferromagnetic source, a Si channel, and a ferromagnetic drain. Fert
and Jaffrès [16, 27] have presented a calculation to obtain the MR response of
this structure in the diffusive transport regime with flat band approximation,
basically treating the semiconductor as a low conductivity nonmagnetic metal.
According to their calculation, the observation of the MR signal of the device
is possible in a relatively narrow range of the contact resistance. We have
followed the theoretical considerations proposed by Fert and Jaffrès[16, 27]
to calculate the MR response of the simplified MOSFET. One can also refer
the calculations of Ref. [37, 38], where one has taken into account the effect
of the electric field in semiconductor. The MR is given by Eq. (23) and (25)
in Ref. [27], where resistance in the parallel configuration (RP ) increases ex-
ponentially with increase of the tunnel barrier thickness, while the resistance
difference (∆R) between the parallel and antiparallel configuration saturates
to the maximum value. The MR of the FM/I/Si/I/FM structure is at the max-
imum at certain value of the contact resistance, and decreases with changing
the contact resistance as shown in the Fig. 1.3(a). The maximum MR is given
by[16, 27]

[∆R

RP

]MAX

=
γ2

1− γ2
, (1.1)

where γ is the interface spin-asymmetry coefficient. Consequently, a reason-
able value of magnetoresistance (MR) can be obtained in the FM/I/Si/I/FM
structure only if the RA product of both the FM/I/Si contacts is in a relatively
narrow range given by [16, 27]

ρN tN < r∗b <
ρN(lNsf )

2

tN
, (1.2)

where ρN is the resistivity of semiconductor, r∗b is the interface resisitance, lNsf
is the spin diffusion length in semiconductor, and the tN is the semiconductor
channel length. The width of this range depends on the channel length as
shown in Fig. 1.3(a). Basically, the shorter the channel is, the wider the range
is. It is desirable to make the channel length short enough to observe the MR
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Figure 1.3. Criteria for observing MR response in spin-MOSFET. (a) Calculated
magnetoresistance vs the resistance-area product of the contact with three different
length of the Si channel. (b) A simplified spin MOSFET structure consisting of a
ferromagnetic source, a Si channel, and a ferromagnetic drain. In this calculation, we
used the spin lifetime of electrons in Si (τs= 7 ns), temperature (T=300 K), a dopant
density of the Si channel (nd=1021 m−3), and the resistivity (ρ) versus the dopant
density relation from Ref. [42].

of the device in a wide range.
We have calculated the MR response of the simplified MOSFET as a

function of two parameters, RA product of the contact and dopant density of
the Si channel using Eq. (23) and (25) in Ref. [27]. Figure 1.4 shows the
calculation, where the color code designates the MR value of spin MOSFET
structure. There is a certain range of RA in which MR can be observed. If the
RA is located outside this range, no significant MR is expected. This figure
allows us to determine the optimum range of the RA product of the contact
for high MR as a function of the dopant density (nd) of Si. In this calculation,
we used the length of a Si channel (100 nm), the temperature (300 K), and
the resistivity versus the dopant density relation from Ref. [42]. The spin
lifetime of electrons in Si (τs= 7 ns) was taken from electron spin resonance
(ESR) data [3]. It was optimistically assumed in the calculation of Fig. 1.4
that the spin lifetime is constant over the entire range of the dopant density
and the spin diffusion length follows the equation for non-degenerate Si for
simplicity. Generally, the spin lifetime of electrons in a semiconductor is
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Figure 1.4. Calculated MR of FM/I/Si/I/FM spin-MOSFET structure as a function
of the contact resistance-area product and the Si dopant density. The colour legend
represents the value of normalized MR. The parameters used in the calculation is the
same as those in Fig. 1.3

reduced at higher dopant density[35]. From Fig. 1.4, we can obtain that, for
example, for a dopant density of 1021 m−3, the RA product of both the FM
contacts should lie between 10−8 and 10−5 Ωm2.

1.3.2 Requirements for source and drain contacts
The Si spin-MOSFET has two spin-tunnel contacts for the source and drain
electrodes. It is very important to secure proper contacts to inject and to
detect highly-spin polarized carriers in Si. One of the most promising can-
didates for these contacts is a ferromagnetic metal/ insulator/ Si (FM/I/Si)
contact, since this type of contact would, in principle, allow us to tune the
resistance-area (RA) product of the contact by varying the insulator thickness.
Although it is possible to adopt the Schottky tunnel contact that has been used
in Fe/GaAs system, we exclude this option because of the silicide formation
at the FM/Si interface[40, 41]. Inserting a tunnel barrier between FM and Si
provides another benefit, as it avoids silicide formation at the FM/Si interface
that is known to be detrimental to the spin transport[43]. In order to inject
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and detect spin polarized carriers in Si, we have established the following
three requirements for the ferromagnet/ insulator/ Si (FM/I/Si) contacts:

(1) Suitable resistance-area (RA) product

(2) High tunnel-spin polarization (TSP)

(3) Controlled magnetic switching

The first requirement represents that the RA product of the source and drain
contact should be matched to Si channel as shown in Fig. 1.4. The second
requirement states that the source and drain contacts should have a high TSP
to inject and detect spin-polarized carriers in the Si channel. It is desirable to
make the TSP as high as possible to obtain a large MR in the spin-MOSFET,
since the maximum MR is determined by the TSP of the injected carriers from
ferromagnet (Eq. 1.1). The MR signal depends on the relative magnetic align-
ment of the ferromagnetic source and drain. This leads to the third require-
ment, the ability to control the magnetization of the ferromagnetic source and
drain contact. Also, the spin polarization of carriers is closely related with the
magnetization of ferromagnet. It is beneficial to obtain homogeneous magne-
tization in the source and drain contact, and to minimize spurious magnetic
coupling from the magnetic surroundings. The distance between the spin in-
jector and detector will be determined by a characteristic length scale of the
spin transport in Si. Because the distance is expected to be of the order of a
few hundred nanometers or less, it is important to understand the magnetic
interactions of closely-packed nanoscale magnetic elements with this length
scale.

1.4 Motivation and thesis outline
As discussed in the previous sections, the advent of semiconductor-based
spintronics opens up a possibility to design novel devices combining ferro-
magnetic properties and semiconductor characteristics. Among various appli-
cations of semiconductor-based spintronics, the spin transistor is of a paramount
importance as this device may enable the development of solid-state informa-
tion devices such as high-density nonvolatile memories and reconfigurable
logic gates.
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The main objective of the thesis is to study the issues for the development
of Si-based spintronic devices and to provide the solutions for the realization
of such devices. Eventually, it is important to prove whether the conductance
of a Si channel with two ferromagnetic contacts can be modulated by the rel-
ative alignment of their magnetization. In order to achieve this—as described
in the previous section—three basic requirements should be satisfied for the
spin-tunnel contacts for the source and drain electrodes: suitable RA product,
high tunnel spin polarization, and controlled magnetic switching. It will be
investigated whether real ferromagnet/ insulator/ Si (FM/I/Si) contacts satisfy
three requirements.

Chapter 2 discusses how to develop FM/I/Si contacts that satisfy the re-
quirements for the suitable source and drain electrodes of the Si spin-MOSFET
structure. This chapter describes the fabrication of FM/I/Si contacts with var-
ious ferromagnetic materials, such as Co and Ni80Fe20 alloy, and the measure-
ment of I-V characteristics of the contacts. The RA product of the FM/I/Si
contacts will be compared with the optimum range for the MR observation in
Si spin-MOSFET structure. We discuss the effect of Schottky barrier forma-
tion in FM/I/Si contacts, and clarify the major obstacles to the electrical spin
injection and detection in Si in the diffusive transport regime. We present an
innovative solution, based on the work function engineering of ferromagnetic
materials, to overcome these obstacles and to control the RA product of the
contact. This chapter also contains the characterization of the structural and
chemical properties of these contacts.

Chapter 3 describes the fabrication and characterization of the magnetic
tunnel junctions with a low work-function ferromagnet interlayer. The TSP
of the spin tunnel contacts, developed in chapter 2, will be investigated by
measuring the TMR of the magnetic tunnel junctions. This study allows us to
verify whether the spin tunnel contacts with a low work-function ferromag-
net interlayer can be used to inject reasonably high-spin-polarized carriers
into a Si channel through a tunnel barrier. Magnetic properties of the rare
earth metal, rare earth-transition metal alloys, and rare earth/ transition metal
interfaces will be discussed to explain the behavior of the magnetic tunnel
junctions with a low work-function ferromagnet interlayer.

Chapter 4 presents an alternative approach to control and reduce the Schot-
tky barrier height of FM/ Al2O3/ Si contacts by coating alkali metal atoms,
such as Cs, on the Si surface prior to tunnel barrier formation. This chapter
describes the fabrications and measurement that have been conducted to un-
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derstand the mechanism of the reduction of the Schottky barrier height. We
will investigate the possibility of the formation of two-dimensional electron
gas at the n-type Si surface.

Chapter 5 is devoted to the magnetic properties of nano-scale magnetic
elements fabricated by laser interference lithography (LIL) and lift-off tech-
nique. Using magnetometry and magnetic force microscopy, we study the
effect of the size and shape of the elements on their magnetic configuration
as well as the magnetostatic interaction among the magnetic elements that are
densely packed at a length scale of 100 nm. The knowledge obtained from
these studies can be used in designing the source and drain contacts of the
spin-MOSFET.

Chapter 6 deals with the device-related issues and presents suitable device
configurations, such as vertical and lateral geometries, to observe the MR in a
Si channel between two ferromagnetic contacts. This chapter describes spu-
rious effects owing to the current in the Si channel and the stray magnetic
field from the ferromagnetic contacts, and their consequences. We present
a perspective to electrical spin injection and detection in Si in the diffusive
transport regime. Conclusions and outlook will be presented in chapter 7.





Chapter 2
Tunable spin-tunnel contact to Si
with low-work-function interfacial
nanolayers

The development of a spin-based transistor such as the spin-MOSFET re-
quires careful design of the contacts between the ferromagnetic source/drain
and the semiconductor. In this chapter, we clarify that the Schottky barrier for-
mation in the ferromagnet/insulator/Si (FM/I/Si) contacts is a major obstacle
to observe the magnetoresistance of such a device, operated in a two-terminal
mode. This is partly due to the resulting large resistance area (RA) product
of the contacts (precluding spin detection), and partly because of the poten-
tial energy landscape of the contacts. We present a solution to control the
Schottky barrier height and RA product of spin tunnel contacts to Si by us-
ing low work-function materials, inserted between the FM and the insulator
of FM/Al2O3/Si tunnel contacts. This allows tuning of the Schottky barrier
height and thereby the RA product of the contacts over many orders of mag-
nitude. Structural and chemical analysis of the spin tunnel contacts will also
be presented.
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2.1 Introduction and motivation

The Si spin-MOSFET structure has two spin-tunnel contacts for the source
and drain electrodes, which play a decisive role in the injection and detec-
tion of the non-equilibrium spin-polarized carriers in a Si channel. The major
topic in this chapter is to develop suitable contacts for the source and drain
electrodes of the Si spin-MOSFET structure. As we have discussed in the
previous chapter, one of the most promising candidates for these electrodes is
a ferromagnetic metal/insulator/Si (FM/I/Si) contact, since this type of con-
tact provides a possibility to inject highly spin-polarized carriers and to tune
the resistance-area (RA) product of the contact. In the previous chapter, we
have shown that there is a certain range of the RA product of the contacts in
which magetoresistance (MR) can be observed in the fully electrical Si spin-
MOSFET structure. If the RA product of the contact is located outside this
range, any significant MR cannot be expected. For example, for a dopant den-
sity of 1021 m−3, the RA product of both the FM contacts should lie between
10−8 and 10−5 Ωm2.

In this chapter, we describe the fabrication and properties of FM/I/Si con-
tacts which satisfy the requirements for the electrical spin injection and de-
tection in Si. Here, our discussion is concentrated on the first requirement,
the RA matching to a Si channel; It will be shown, in the chapter 3, that
this type of contacts also satisfy the second requirement, the high tunnel spin
polarization. Section 2.2 describes the basic aspects of FM/I/Si contacts and
the consequence of the Schottky barrier formation on the spin transport in Si.
Section 2.3 presents the experimental details on the fabrication of the FM/I/Si
contacts and the measurement of the I-V characteristics of the contacts. Sec-
tion 2.4 discusses the properties of FM/I/Si contacts on n-type Si substrates
with well-known ferromagnetic metals, such as Ni80Fe20 alloy and Co. The
RA product of FM/I/Si contacts will be investigated as a function of tunnel
barrier thickness, the oxidation time, and the doping concentration of silicon.
From these results, we will examine whether the RA product of these con-
tacts are in the proper range. It will be shown that Schottky barrier formation
leads to a huge conductivity mismatch of ferromagnetic tunnel contact and
Si, which cannot be solved by the well-known method of adjusting the tunnel
barrier thickness. In section 2.5, we present a very effective solution to re-
duce and control the Schottky barrier using a low work-function ferromagnet
inserted at the FM/tunnel barrier interface. It will be demonstrated that the
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insertion of a low work-function interlayer in the FM/I/Si contacts provides
remarkable tunability of the Schottky barrier height to Si; the FM/I/Si con-
tacts with an ultrathin low-work-function FM interlayer secures the optimum
RA product for the electrical spin injection and detection. The structural and
chemical properties of FM/Gd/I/Si contacts will be discussed at the end of
this section.

2.2 FM/I/Si contacts

Figure 2.1 shows schematic energy band diagrams of the metal-insulator-
semiconductor (MIS) contacts with an n-type Si in both forward and reverse
bias. When the metal and the semiconductor are brought into contact, a Schot-
tky barrier is formed[44, 45]. The n-type semiconductor has a space charge
region where the electrons are depleted, giving rise to additional resistance.
The transport of electrons through the MIS contact depends on the width of
depletion region. The basic transport mechanisms are the thermionic emission
and tunneling[45]. The latter becomes important when the depletion region
is thin enough. Otherwise, only the electrons which overcome the Schottky
barrier can flow through the contact. In the forward bias (the spin detection
condition), a negative voltage is applied to the semiconductor with respect to
the metal. In the reverse bias (the spin injection condition), a positive voltage
is applied to the semiconductor with respect to the metal.

The Schottky barrier in the metal-semiconductor contacts have drawn a
lot of attentions, as metal-semiconductor contacts are broadly used in the fab-
rication of metal gates in MOSFET or MESFET devices[45]. Exact under-
standing of the Schottky barrier formation has been an issue of debates, and
many models to explain the Schottky barrier have been proposed[44–48]. The
Schottky barrier height depends on various intrinsic parameters such as the
work function of metal, the electron affinity of semiconductor, the dielectric
constant of insulator, the density of surface states, and the charge neutrality
level at the semiconductor surface as well as extrinsic ones such as the surface
preparation and thin film deposition parameters[44–48]. It is believed that the
chemical bond and the formation of an electric dipole at the interfaces play an
important role in the Schottky barrier height determination[47].

The existence of the Schottky barrier leads to three obstacles for the elec-
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Figure 2.1. Schematic energy band diagrams of (a) the electrical spin injection (re-
verse bias) and (b) the electrical spin detection (forward bias) in a FM/I/Si junction.
ΦB is the Schottky barrier height, and V is the bias voltage. The broken lines depict
the Fermi energy.
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trical spin injection into Si and the observation of MR in the spin-MOSFET[50].
First, the current of the device is limited due to the reverse-biased Schottky
barrier at one of the two FM/I/Si contacts, depending on the bias polarity. For
the Schottky contact with Co and n-type Si with a resistivity (ρ) of 10 Ωcm
(dopant density, nd = 1021 m−3), the width of the depletion region is about
1 µm, which gives rise to additional resistance. Only the electrons which are
thermally emitted over the Schottky barrier can flow across the contact[45],
resulting in a low reverse bias current. The second obstacle is that the elec-
trons involved in tunneling into the Si originated from states at elevated energy
above the Fermi level of the FM source as shown in Fig. 2.1 (a), for which
the TSP is significantly reduced[49]. Because the initial value of the TSP is
small, the spin asymmetry in the Si cannot be expected to be large. The same
argument can be applied for the spin detection condition, where the electrons
tunnel into the states at elevated energy above the Fermi level of the FM drain
(Fig. 2.1 (b)). The third and perhaps the most serious obstacle is that the
additional resistance due to the Schottky barrier creates a huge conductivity
mismatch of many orders of magnitude between the FM tunnel contact and
Si channel, resulting in a negligible MR in a Si spin-MOSFET as we have
discussed in chapter 1.

2.3 Fabrication of FM/I/Si contacts

Figure 2.2 depicts the layer stack of a Si/Al2O3/FM contact. The Si/Al2O3/FM
contacts were fabricated on n-type Si (100) substrates. A 300-nm-thick SiO2

layer was grown on a Si substrate by dry oxidation at 1150 ◦C. This oxide
layer was patterned by lithography and wet etching to define circular contact
holes with a diameter of 12 µm to 180 µm onto which the tunnel contacts
were made. A 40-nm-thick sacrificial SiO2 layer was then grown by dry ox-
idation at 950 ◦C followed by annealing at 1150 ◦C to obtain a high quality
Si surface. This thin oxide layer was removed by HF acid just before the
substrate was transferred to the load-lock chamber to prevent a native-oxide
re-growth. The aluminium-oxide barrier and the ferromagnetic films were de-
posited by e-beam evaporation at a base pressure of 10−10 mbar. The tunnel
barrier was deposited using an single-crystal Al2O3 source, followed by an
additional in-situ plasma oxidation step to compensate for the oxygen defi-
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ciency known to occur when Al2O3 is evaporated. This dielectric insulator
provides a separation between the charges due to surface states and those on
the metal. We prepared samples with different barrier thickness from 0.5 nm
to 2 nm and with different oxidation time from 2.5 min to 10 min. The real
thickness of an Al2O3 barrier after the plasma oxidation can be thicker than
the nominal deposited thickness. The exact barrier thickness is determined
by TEM experiments. FM layers and a gold capping layer were deposited as
electrode material. Patterning for the electrical characterization was done by
lithography and Ar-ion beam etching.

Figure 2.3 shows cross sectional transmission electron microscopy (TEM)
images of Si/ Al2O3/ Co contacts on low-doped (resistivity, ρ = 5∼10 Ωcm;
dopant density, nd = 1021 m−3) n-type Si substrates. The aluminum oxide
barrier in Fig. 2.3 (a)-(d) was prepared by 0.5, 1.0, 1.5 and 2.0 nm Al2O3 de-
position followed by 2.5 min in situ plasma oxidation, respectively; the barrier
in Fig. 2.3 (e)-(h) was prepared by 0.5, 1.0, 1.5 and 2.0 nm Al2O3 deposition
followed by 7.5 min in situ plasma oxidation, respectively. The Si/ Al2O3 and
Al2O3/ Co interfaces in these TEM images are smooth, and the aluminum ox-
ide barriers are amorphous, showing minimum thickness variation. Fig. 2.4
shows the thickness of the barrier measured from TEM images versus the
deposited Al2O3 thickness. The thickness of the oxide barrier in the TEM
images are thicker than the nominal thickness of the deposited Al2O3 film.
Assuming that the growth rate of the oxide layer by the plasma oxidation is
inversely proportional to the oxide thickness, we made simple fitting curves
as shown in the Fig. 2.4. The offset for 2.5 min plasma oxidation is 1.1 nm,
and the offset for 7.5 min plasma oxidation is 1.3 nm. This indicates that the
thickness of the barrier shown in the TEM images might be a combination of
a deposited Al2O3 layer and some silicon oxide layer.

We have conducted current-voltage (I-V ) measurement of the Si/ Al2O3/
FM contacts using a source-measure unit (Keithley, Model 236) operated in
voltage source mode. One port is connected to the top gold contact of each
diode and the other port is connected on the large ohmic contact (1.2 mm ×
8 mm) to Si. The resistance of the metal-semiconductor is not well-defined,
since the I-V characteristic is non-linear. In order to compare the RA prod-
uct from one contact to another, in this thesis, the RA product of the FM/I/Si
contact is defined as the voltage (V ) divided by the current density (I/A) at a
particular value of V .
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Figure 2.2. The layer stack of a Si/Al2O3/FM contact. The tunnel contact area is
defined by 300-nm-thick SiO2 insulator layer.
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Figure 2.3. Cross-sectional TEM images of Si/Al2O3/Co contacts on low-doped n-
type Si substrates. The aluminum oxide barrier in (a)-(d) was prepared by 0.5, 1.0, 1.5
and 2.0 nm Al2O3 deposition followed by 2.5 min in situ plasma oxidation, respec-
tively; the barrier in (e)-(h) was prepared by 0.5, 1.0, 1.5 and 2.0 nm Al2O3 deposition
followed by 7.5 min in situ plasma oxidation, respectively.
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Figure 2.4. Barrier thickness measured from TEM images versus the deposited Al2O3

thickness. Solid (Open) square are for the samples prepared by 2.5 min (7.5 min) in
situ plasma oxidation, as shown in Fig. 2.3

2.4 FM/I/Si contacts with conventional ferromagnets
(Co, NiFe)

Ferromagnetic materials with high tunnel spin polarization and high curie
temperature are the most obvious choice for the FM layer of the spin-MOSFET.
In order to examine whether the RA products of these FM/I/Si contacts are in
the proper range for the electrical spin injection and detection in Si, we have
fabricated FM/I/Si contacts with well-known FM materials, Co and Ni80Fe20.
From I-V measurements, we have investigated the RA product of FM/I/Si
tunnel contacts for MR observation in the FM/I/Si/I/FM structure. Because
the FM/I/Si contact consists of a Schottky barrier and a tunnel barrier, we are
interested in which barrier plays a dominant role in the electronic transport.
We have studied the effect of tunnel barrier thickness, the oxidation time, and
the doping concentration of silicon on the resistance of the FM/I/Si contact.
First, we studied the contacts to Si with low doping concentration (nd=∼1021

m−3) to find whether the RA product of the contact is affected by the Al2O3

tunnel barrier. Second, we have fabricated FM/I/Si contacts to Si with high
doping concentration (nd=∼5× 1025 cm−3) to study whether the RA product
of the contact depends on the depletion width in Si.
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2.4.1 FM/I/Si contact to lightly-doped Si

Figure 2.5 (a) shows the I-V characteristics of FM/I/Si contacts with low-
doped n-type Si (nd=∼1021 m−3) and various thickness of the Al2O3 barrier.
The oxidation time for the tunnel barrier was 7.5 min. These I-V curves
show rectifying characteristics. In the reverse bias range (V > 0), the current
density is very small, having only a slight dependence on the voltage. In the
forward bias range (V < 0), two different slopes are observed. At the lower
voltage, the current increases exponentially due to the thermionic emission.
At the higher voltage, tunneling through the Al2O3 barrier limits the current,
and the slope is determined by the tunnel barrier. The current decreases as the
thickness of the Al2O3 barrier is increased.

We have examined the well-known method for RA product control, used
in metal magnetic tunnel junctions, namely, adjusting the tunnel barrier thick-
ness. Figure 2.5 (b) shows the effect of the thickness of the tunnel barrier on
the RA product of the FM/I/Si contact. The contact resistance in the reverse
bias range (open symbols) remains constant when the thickness of the tunnel
barrier is varied, since the depletion region in the silicon is very thick, about
1000 nm, and the resistance of the tunnel barrier is small in comparison with
that of the depletion region. From this result, we find that the Schottky barrier
plays a dominant role in the reverse bias range. Consequently, the RA value
in the reverse bias is very high, 102 Ωm2 which is about 9 orders of magni-
tude higher than the value needed for the efficient spin injection as shown in
Fig. 2.6.

The RA product of the contact in the forward bias are taken at the rel-
atively high voltage, 0.72 V at which the effect of the tunnel barrier is vis-
ible. As the thickness of the barrier increases, the RA product of the con-
tact increases exponentially, since the tunnel transmission is exponentially
dependent on the thickness of barrier[51]. With the same oxide thickness, the
resistance also increases as the oxidation time increases. Under- and over-
oxidation would be a possible explanation for these results. In the forward
bias range, the RA product of the contact can be tuned over a range of three-
orders of magnitude by varying the thickness and the plasma oxidation time.
While the RA values in forward bias are smaller than those in reverse bias,
they are above 10−5 Ωm2, which is still too high for the efficient spin detec-
tion.

In summary, the RA product of tunnel contacts with a Co or Ni80Fe20 elec-
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Figure 2.5. (a) I-V characteristics of Co-Al2O3-Si contacts with different aluminum
oxide thicknesses and low-doped Si (T = 293 K). The minus voltage is the forward
bias, and the positive voltage is the reverse bias. The oxidation time of the tunnel
barrier was 7.5 min. (b) The interface resistance-area (RA) product vs. the thickness
of the Al2O3 tunnel barrier. The oxidation time is varied from 2.5 min to 10 min. The
data for the reverse bias are taken at 0.12 V, and the data for the forward bias are taken
at -0.72 V.
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for Si/Al2O3 (1 nm)/Co (15 nm) contacts with two different dopant densities.

trode on low-doped Si (ρ = 5∼10 Ωcm; nd = 1021 m−3) varies little as the
thickness of the Al2O3 tunnel barrier is varied. This is because the Schottky
barrier dominates the resistance of the contacts rather than the tunnel barrier.
The resulting RA product at the spin injection condition (+0.2 V) is about
eight to nine orders of magnitude higher than the value needed for efficient
spin injection; The resulting RA product at the spin detection condition is also
two to four orders of magnitude higher than the value needed for efficient spin
detection. With this type of contact, any significant MR cannot be expected.

2.4.2 FM/I/Si contact to heavily-doped Si

One method to decrease the RA product is to reduce the depletion width in Si
using heavily-doped Si. We have fabricated Si/Al2O3/Co contacts on heavily-
doped Si (ρ =10−2 Ω cm; nd =∼ 5 × 1026 m−3), and measured the I-V
characteristics of FM/I/Si contacts, as shown in Fig. 2.7. The oxidation time
for the Al2O3 barrier was 7.5 min. The depletion region in Si with this doping
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barrier. The oxidation time for the Al2O3 barrier was 7.5 min. The bias polarity is the
same as in Fig. 2.5.

concentration is relatively narrow, about 5 nm. As a result, we observe that
the I-V characteristics are much less rectifying, and the Al2O3 tunnel bar-
rier affects the electronic transport in both forward and reverse bias. The RA
product of the FM/I/Si contact with a 1.0 nm barrier at 0.12 V and -0.72 V are
7.8× 10−3 Ωm2 and 2.3× 10−6 Ωm2 respectively.

This RA product is four orders of magnitude lower than that with the low-
doped Si, but the optimum value of the RA product has also moved towards
smaller values, as shown Fig. 2.6. Therefore, the RA product of contacts
with heavily-doped Si is still far too high for efficient MR observation. More-
over, the high doping concentration deteriorates the spin-conserved transport
in the semiconductor, because the spin diffusion length is proportional to
n−0.5[27], and the spin lifetime may be decreased as the doping concentra-
tion is increased[35]. We thus find that using a heavily-doped Si channel is
not a solution.

From these results, we conclude that the observation of MR in a Si spin-
MOSFET is not possible with standard FM contacts and the conventional
method to control the tunnel conductance, explaining the absence of positive
results for Si in literature.
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2.5 FM/I/Si contacts with low-work-function ferromag-
nets (Gd)

The main objective of this section is to develop effective methods to control
the Schottky barrier height of the metal-insulator-semiconductor (MIS) con-
tacts to Si. In the previous section, it has been pointed out that a high Schottky
barrier height of MIS contacts is one of the major obstacles to realize a Si-
based spin transistor based on electrical spin injection and detection in Si. We
are especially interested in a low Schottky barrier height of a MIS contact for
this application. In order to solve the issue discussed in previous section, we
present an alternative approach to control the RA product of a spin tunnel
contact by reducing the Schottky barrier.

2.5.1 Schottky barrier height of FM/I/Si contact

The Schottky barrier height (ΦB) of a FM/I/Si contact is determined by var-
ious parameters, such as the work function of metal (Φm), the electron affin-
ity of Si (χ), the thickness (δ) and dielectric constant (εi) of an insulator, the
charge neutrality level (qφcnl), and the surface density of gap states (Ds) at the
Si surface[44, 45]. Using a simplified model taken into account the presence
of the surface state, one can calculate the Schottky barrier height as explained
in ref [45]. Introducing the quantities[45],

a ≡ εi

εi + q2δDs

(2.1)

b ≡ −aχ + (1− a)(
Eg

q
− φcnl)−∆φ (2.2)

where q is the carrier charge, Eg is the energy band gap of Si , and ∆φ is
the image force barrier lowering, one can express the Schottky barrier of the
contact in a very simple form as

ΦB = aΦm + b. (2.3)

During the fabrication process, the plasma oxidation might lead to some oxi-
dation of Si. It is useful to consider the case that the insulator comprises two
dielectric layers. The quantity a should be modified to include the dielectric
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Figure 2.8. Schottky barrier height versus various parameters. (a) metal work func-
tion, (b) the thickness and (c) the dielectric constant of the tunnel barrier or insulator,
and (d) the density of surface states at the Si surface. The parameters indicated are
described in the text.

parameters of both layers.

a ≡ ε1iε2i

ε1iε2i + q2Ds(ε1iδ2 + ε2iδ1)
. (2.4)

where ε1i, δ1, ε2i, and δ2 are the dielectric constants and the thicknesses of the
two dielectric layers respectively.

Fig. 2.8 represents how the Schottky barrier depends on the various pa-
rameters, such as the work function of metal, the thickness and dielectric con-
stant of the insulator, and the density of surface states at the Si surface. If the
density of surface states at the Si surface is very high, then the Fermi energy
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level at the interface is pinned by the surface states at the value qφcnl above
the valence band maximum[45]. Then the Schottky barrier height becomes
independent of the metal work function as that in the compound semiconduc-
tor like GaAs[52]. If there is no surface state, the Schottky barrier height is
directly dependent on the metal work function and the electron affinity of Si.
In a real FM/I/Si contact, the value of a lies in between 0 and 1. Consequently,
the Schottky barrier in a FM/I/Si contact can be controlled by changing the
work function of the material. The quantity a becomes larger if the insula-
tor is thinner, the dielectric constant is higher, and the surface density of gap
states is lower at the Si surface.

Unlike GaAs of which Schottky barrier height is relatively insensitive
to the used metal[52], the Schottky barrier height (ΦB) to Si is subjected
to change with the work function of metal(Φm)[45]. The Schottky barrier
height of a FM/I/Si contact can therefore be reduced using a material with
a work function lower than that of Co (Φm = 5.0 eV), Ni (5.15 eV), or Fe
(4.5 eV)[54–57], while the material should still be ferromagnetic in order to
supply spin-polarized electrons. In the next section, we demonstrate this ap-
proach using Gd, a ferromagnetic material with reasonably low work function
(Φm = 3.1 V)[55] and the highest TSP (13.3%) among rare earth materials
as shown in previous tunnel spin polarization measurements with Al2O3/Gd
structures[58].

2.5.2 Fabrication of contacts with Gd

Figure 2.9 depicts the layer stack of a Si/ Al2O3/ Gd/ Cap contact with thick
Gd layer, and the layer stack of a Si/ Al2O3/ Gd/ Ni80Fe20/ Cap contact with
sub-nm Gd interlayer. The experimental procedure is the same as the FM/I/Si
contact with conventional ferromagnetic materials as described in section 2.3
except for the Gd layer deposition. Gd metal (99.99%, Stanford Materials
Corp.) prepared by distillation was used as a source for the e-beam evapora-
tion. The Gd are deposited by e-beam evaporation at a base pressure of 10−10

mbar. In order to prevent an oxidation of Gd, an Al/ Au layer or NiFe/ Au
layer was used a capping layer.

First, we have fabricated a series of Si/ Al2O3/ Gd (15 nm)/ Cap con-
tacts with different Al2O3 thicknesses to study the effect of the thick Gd layer
on the Schottky barrier height. Thereafter, we have fabricated a series of Si/
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Figure 2.9. (a) The layer stack of a Si/ Al2O3/ Gd/ Cap with thick Gd layer. (b) The
layer stack of a Si/ Al2O3/ Gd (x nm)/ Ni80Fe20 (10 nm)/ Cap with sub-nm Gd layer.

Al2O3/ Gd (x nm)/ Ni80Fe20 (10 nm)/Cap contacts with a sub-nm Gd inter-
layer to control the RA product of the contact.

2.5.3 Schottky barrier removal with low work-function ferromag-
net

Figure 2.10 shows the I-V characteristics of a Si/ Al2O3 (0.5 nm)/ Ni80Fe20

and a Si/ Al2O3 (0.5 nm)/ Gd tunnel contact on low-doped Si (ρ = 5∼10
Ωcm; nd = 1021 m−3). The oxidation time for the Al2O3 barrier was 7.5
min. The current density of the Si/ Al2O3/ Ni80Fe20 contact is very small in
the reverse bias range (V > 0, spin injection condition), having only a slight
dependence on the voltage. By contrast, the current density of the Si/ Al2O3/
Gd tunnel contact in the reverse bias range is increased by almost eight orders
of magnitude compared to the result with Si/ Al2O3/ Ni80Fe20. The current
density of the Si/ Al2O3/ Gd tunnel contact in the forward bias range (V < 0,
spin detection condition) is also increased significantly. As a consequence,
the I-V curves of contacts with Gd show symmetric behavior, which is useful
to obtain the same RA product of the source and the drain contacts.

The RA product of the Si/ Al2O3/ Gd contact at ± 0.2 V is 10−7 Ωm2,
which reaches the optimum range in Fig. 2.6 for both spin injection and de-
tection contacts. The RA product of the contact with a Gd layer shows an
exponential dependence on the barrier thickness (Fig. 2.11), implying that the
thermionic emission is no longer the dominant transport mechanism but the
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Figure 2.12. Schematic energy band diagram of the electrical spin injection (reverse
bias) in a FM/I/Si junction with interfacial low-work-function metal layer. ΦB is the
Schottky barrier height, and V is the bias voltage. The broken lines depict the Fermi
energy.

tunnel transport across the Al2O3 barrier is important. We therefore concluded
that the Schottky barrier is removed by low work-function metal.

2.5.4 RA product of NiFe/Gd/I/Si contacts

Besides a low RA product, the ability to tune the RA product is essential,
since the RA product of the tunnel contact should be in a specific range
(Fig. 2.6) that also depends on the τs in Si, which is not accurately known. To
tune the tunnel contact resistance, we exploit the fact that the work function
is determined by the outermost surface layers of a material. We thus control
the RA product by inserting an ultrathin Gd layer between a conventional FM
electrode and the Al2O3 barrier, as depicted in Fig. 2.12 for FM/I/Si tunnel
contacts consisting of Si/ Al2O3 (0.5 nm )/ Gd (0 to 5 nm)/ Ni80Fe20 (10 nm)/
Au (10 nm). The oxidation time for the Al2O3 barrier was 7.5 min. As shown
in Fig. 2.13, the current density of these tunnel contacts in the reverse bias
range is dramatically enhanced by inserting a sub-nanometer Gd interlayer.
The I-V curves of these contacts show rectification that gradually disappears
as the Gd thickness is increased, while the rectifying behavior is absent for
thicker Gd interlayer (0.8 to 5.0 nm).
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As shown in Fig. 2.14, the RA product of the tunnel contacts decreases
abruptly by increasing the thickness of the Gd interlayer in the sub-nanometer
regime, and saturates to the RA product of the FM/I/Si contact with a thick
(15 nm) Gd film. For a 1 nm Gd interlayer, the RA product for the spin
injection condition (V = +0.2 V) is reduced by about eight orders of magni-
tude. Similar behaviour occurs for the RA product in the negative bias range,
the spin detection condition. When the thickness of the Gd layer is more
than about 1 nm, the RA product of the contact saturates at a constant value.
Since the work function is very sensitive to the outermost surface layers of
a material, the surface coverage of the Gd must be complete for 1 nm of
Gd. Generally, lowering the temperature makes the RA product of a Schot-
tky contact higher, as thermal emission across the Schottky barrier is rapidly
suppressed. This temperature dependence still remains for the tunnel contacts
with a thinner (< 0.7 nm) Gd interlayer, but it disappears for the tunnel con-
tacts with a thicker (> 1.0 nm) Gd interlayer, for which the Schottky barrier
is removed. The inset of Fig. 2.14 shows the Schottky barrier height of MIS
contacts as a function of Gd thickness. The Schottky barrier heights has been
calculated from the temperature dependence of the I-V curves[44, 45], as
shown in Fig. 2.15. The Schottky barrier height is 0.81 eV for a tunnel con-
tact without the Gd interlayer; it decreases by increasing the Gd thickness; for
a 1 nm Gd interlayer, the Schottky barrier vanishes. Thus, by adjusting the
Gd thickness, we can control the Schottky barrier height and thereby tune the
RA product over eight orders of magnitude (Fig. 2.16).

2.5.5 Work function engineering with a Gd interlayer

We have found, in the previous section, the Schottky barrier height of Si/
Al2O3 / Gd (x nm)/ Ni80Fe20 contacts has been tuned by the insertion of a low
work-function interlayer in between a metal and an insulator of MIS contacts;
the Schottky barrier height of the contacts is almost linearly proportional to
the Gd thickness up to 0.8 nm as shown in Fig. 2.14.

According to Eq. 2.3, the Schottky barrier height has also a linear relation
with the work function of the metal. This implies that it is possible to con-
trol the effective work function of the Gd (x nm)/ Ni80Fe20 (10 nm) bi-layer
by changing the Gd thickness. If the Gd thickness is zero, the work func-
tion of Ni80Fe20 determines the Schottky barrier height. The work function of
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Figure 2.17. The Schottky barrier height of Si/ Al2O3 (2.0 nm)/ Gd (0∼3 nm)/
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linear fit using Eq. 2.3 to determine the density of gap states and the position of the
charge neutrality level. (b) Schematic energy band diagram of a MIS contact with
n-type Si.The charge neutrality level is depicted.

Ni80Fe20 is estimated as 5.0 eV from the weighted average of the work func-
tions of individual components, Ni and Fe[59]. If the Gd thickness is thicker
than 0.8 nm, the work function of the bilayer saturates to the work function
of bulk Gd, 3.1 eV. From these two extreme cases, we can obtain the coeffi-
cients, a and b in Eq. 2.1 and Eq. 2.2: a= 0.426 and b=-1.321. Fig. 2.17(a)
shows the linear line with obtained a and b values as well as the measured
Schottky barrier height of the Si/ Al2O3 / Gd (x nm)/ Ni80Fe20 contacts on
this line. Comparing this result with the Eq. 2.1 and Eq. 2.2, we can obtain
the surface density of gap states (Ds) and the charge neutrality level(φcnl):
Ds = 4.5 × 1017 states/m2/eV and φcnl = 0.41 eV. Fig. 2.17(b) shows the
schematic energy diagram of the contact where the charge neutrality level
located at ∼0.4 eV above the valence band maximum. In this calculation,
we used the dielectric constant of bulk Al2O3 (ε = 9), and thickness of the
insulator determined from the TEM experiment (δ=1.5 nm), neglecting the
image-force-induced lowering of the Schottky barrier.

Using Eq. 2.3 and Fig. 2.17(a), we can obtain the effective work function
of the Gd (x nm)/ Ni80Fe20 (10 nm) bi-layer from the measured Schottky bar-
rier height (Fig. 2.14). From this results we find a linear relationship between
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the effective work function and Gd thickness as shown in Fig. 2.18.

Φeff = 5.0− 2.375× tGd (eV ) (2.5)

This relation will be used in chapter 4 to investigate the charge neutrality level
and the surface density of the gap states of the tunnel contacts with Cs-coated
Si surface.

2.5.6 Structural and chemical properties of NiFe/Gd/I/Si contacts

Because rare earth metals are known to get oxidized very fast even at room
temperature, we have conducted chemical analysis of a thick Gd film (40
nm) with Al capping layer (30 nm) deposited on a Si substrate. As shown in
Fig. 2.19, depth profile x-ray photoelectron spectroscopy (XPS) showed that
the oxygen content in the Gd film is negligible. The XPS peak remained at the
energy for metallic Gd, assuring that the deposited films were purely metallic
Gd without significant oxygen uptake from the background gas in the cham-
ber.

Since this does not preclude any possible oxidation of the Gd in the im-
mediate contact with the Al2O3 barrier, we have fabricated Si/ Al2O3/ FM
contacts with an intentionally oxidized Gd layer. The Gd layer of a series of
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Figure 2.19. Atomic concentration versus etch time in depth profile x-ray photoelec-
tron spectroscopy (XPS).

Si/ Al2O3/ Gd/ Ni80Fe20 contacts was oxidized by an extra natural oxidation
step in O2 pressure of 100 Torr for 1 hour at room temperature, before deposi-
tion of the Ni80Fe20 top electrode. The I-V characteristics of Si/ Al2O3/ Gd/
Ni80Fe20 contacts with an as-grown Gd layer is compared with those with the
intentionally oxidized Gd layer in Fig. 2.20. The current density of the latter
contacts was reduced 2∼6 orders of magnitude compared to junctions without
intentional Gd oxidation, while also the rectification increases. This implies
that the removal of the Schottky barrier is not effective for the oxidized Gd.
This investigation ruled out a significant oxidation of the Gd layer due to con-
tact with the Al2O3 barrier for the results presented in previous sections.

We have investigated the structural properties of FM/Gd/I/Si contacts
using a normal TEM and an energy-filtered TEM. The energy-filtered image
is based on the electron energy-loss-spectra specific to elements[60]. By com-
paring the energy-filtered TEM images adjacent to the energy-loss peak of an
element, one can obtain an element map of the selected element with a high
spatial resolution.

Figure 2.21 shows a cross sectional transmission electron microscopy im-
age of Si/ Al2O3 (1.5 nm)/ Gd (2 nm)/ Ni80Fe20 (10 nm)/ Au (10 nm) con-
tact on low-doped n-type Si substrates (resistivity, ρ = 5∼10 Ωcm; dopant
density, nd = 1021 m−3). The oxidation time for the Al2O3 barrier was 7.5
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Figure 2.20. Absolute value of current density versus bias voltage of Si/ Al2O3 (0.5
nm)/ Gd (0.3, 0.5, 0.7, and 1 nm)/ Ni80Fe20 (10 nm) contacts. Black lines are for the
contacts with the un-oxidized Gd layer. Green lines are for the contacts with the Gd
layer intentionally oxidized in 100 Torr oxygen for 1 hour. The minus voltage is the
forward bias (the spin detection condition); the positive voltage is the reverse bias (the
spin injection condition).

min. The interfaces between different materials are clear, and each layer in
this TEM image is smooth, showing minimum thickness variation. Fig. 2.22
shows a cross-sectional TEM image of the contact with a higher spatial reso-
lution. It appears that the deposited Gd layer is amorphous, while the Ni80Fe20

and Au layers are poly-crystalline.
Figure 2.23 shows elemental images of Gd, oxygen, and Ni respectively.

The white intensity on the energy-filtered images indicates the presence of the
elements at the location. Those energy-filtered TEM images are juxtaposed to
a normal TEM image for comparison. Figure 2.23 contains all three images
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Figure 2.21. Cross-sectional TEM image of Si/ Al2O3/ Gd/ Ni80Fe20 contacts.
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Figure 2.22. Cross-sectional TEM image of Si/ Al2O3/ Gd/ Ni80Fe20 contacts with a
high spatial resolution.



2.5 FM/I/Si contacts with low-work-function ferromagnets (Gd) 41

O
 m

ap

N
i 

m
ap

G
d

m
ap

A
u

N
i8

F
e

2

G
d

(2
nm

)

A
l2

O
3

S
i

A
u

N
i8

F
e

2

G
d

(2
nm

)

A
l2

O
3

S
i
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for Gd, Ni80Fe20, and oxygen. A normal TEM image is shown for the comparison.
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put side by side for an overview. Those images provides crucial information
to understand inter-diffusion among elements in the MIS contacts. The thick-
ness of a white band in the Gd image (Fig. 2.23) is much thicker than that of
the deposited Gd layer; and the thickness of the white band rather corresponds
to the sum of thickness of Gd and Al2O3 layers. It seems that some amount of
Gd diffuses into the Al2O3 barrier, while the diffusion of Gd into the Ni80Fe20

is negligible. The consequence of the Gd diffusion into the tunnel barrier will
be discussed in chapter 4. The oxygen image (Fig. 2.23) is very useful to
check whether the oxygen stays inside of the barrier or diffuses into the Gd
layer. The oxygen image clearly shows that the diffusion of oxygen into the
Gd layer is negligible. It seems that the diffusion of Gd into oxide barrier is
energetically favorable while the diffusion of oxygen into Gd layer is diffi-
cult. This result again confirms that the Gd layer does not take oxygen from
a tunnel barrier; and the Gd layer on the barrier is purely metallic. This pure
metallic layer makes it possible to do a work function engineering in the pre-
vious section. The Ni image (Fig. 2.23) suggests that small amount of the Ni
diffuses into Gd layer as indicated by the gray contrast for Ni on the location
of the Gd layer. The diffusion of Ni into Gd results in alloying of Gd with
Ni, which might affect the magnetic behavior of the tunnel contact, such as
magnetic ordering temperature. This issue will be addressed in chapter 3.

2.6 Conclusions

In this chapter, the properties of FM/I/Si contacts has been studied for the
application of the source and drain electrodes of the Si spin-MOSFET struc-
ture. A series of high-quality FM/I/Si contacts has been fabricated with stan-
dard ferromagnetic materials, such as Co and Ni80Fe20 alloy. It turns out that
the RA product of these contacts are many orders of magnitude higher than
the optimum values for the MR observation in a Si spin-MOSFET structure,
because the Schottky barrier formation in the FM/I/Si contacts gives rise to
the major obstacle to the MR observation: namely, (i) low current due to a
(reverse biased) Schottky barrier, (ii) electrons tunnel into or out of states
at elevated energy, for which the TSP is strongly reduced, and (iii) a huge
conductivity mismatch of many orders of magnitude between Si and tunnel
contacts with ferromagnetic metals such as Co and NiFe alloys. From these
results, we conclude that the observation of MR in a Si spin-MOSFET is not
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possible with standard FM contacts and the conventional method of adjusting
the tunnel barrier thickness to control the tunnel conductance.

We have presented a breakthrough to this problem by introducing a low
work-function ferromagnet inserted at the FM/tunnel barrier interface. It has
been shown that the Schottky barrier is completely removed by using a thick
Gd electrode, the resistance-area (RA) product of FM/Al2O3/Si contacts is
reduced by eight orders of magnitude, and the optimum RA product for the
MR observation in spin-MOSFET structure is obtained. Besides a low RA
product, the ability to tune the RA product is essential, since the RA product
of the tunnel contact should be in an optimum range that also depends on the
spin life-time in Si, which is not accurately known. The tuning of Schottky
barrier height has been demonstrated using a sub-nm low-work-function Gd
interlayer, based on the idea that the work function of the electrode is deter-
mined by the outermost layers. We find that the Gd thickness needed to com-
pletely remove the Schottky barrier is only 0.8 nm. In this way the resistance-
area (RA) product of FM/Al2O3/Si contacts can be tuned over eight orders
of magnitude, and the optimum RA product for the MR observation in spin-
MOSFET structure can be achieved.

The work-function engineering of the spin-tunnel contact is a very useful
tool to reduce the Schottky barrier of Si/ Al2O3/ Gd/ Ni80Fe20 contacts. We
find that the effective work function of Gd/Ni80Fe20 bi-layer of the contact is
linearly proportional to the Gd interlayer thickness up to 0.8 nm. By varying
the effective work function of the metal, we have obtained the surface density
of gap states (Ds) and the charge neutrality level (φCNL) at the Si/ Al2O3 in-
terface of the contact.

Structural analysis of Si/ Al2O3/ Gd/ Ni80Fe20 contacts shows that the de-
posited Gd layer is amorphous with relatively uniform thickness. The chem-
ical and electrical analyses indicate that the oxidation of the deposited Gd
layer is negligible in the contact. Using the element-specific TEM images,
inter-diffusions between the elements has been observed; Gd diffuses into an
oxide barrier, and Ni diffuses into the Gd layer; by contrast, Gd doesn’t dif-
fuse into the NiFe layer, and oxygen doesn’t diffuse in the Gd layer. This
again confirms that the work-function engineering by a sub-nm Gd interlayer
has been done by the metallic Gd.

In conclusion, we have developed the FM/I/Si contacts which satisfy the
first requirement for the source and drain electrodes of the Si spin-MOSFET,
the RA matching to a Si channel for the MR observation in the FM/I/Si/I/FM
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structure. In the next chapter, it will be shown that this type of contact also
satisfies the second requirement, the high tunnel spin polarization.



Chapter 3
Magnetic tunnel junctions using
low work-function ferromagnet

It has been shown, in the previous chapter, that the tunable spin tunnel con-
tact with an ultrathin low-work-function interlayer—inserted between the fer-
romagnet and insulator of ferromagnet (FM)/ Al2O3/ Si tunnel contacts—
provides the optimum resistance-area (RA) product for the electrical spin in-
jection and detection in Si. Here we examine whether the FM/ Gd/ Al2O3

contact shows a high tunnel-spin polarization (TSP). For this purpose, we in-
vestigate the TSP of Ni80Fe20/ Gd/ Al2O3 and Co/ Gd/ Al2O3 contacts by fab-
ricating magnetic tunnel junctions (MTJs). This chapter describes the effect
of the Gd thickness on the TSP of the contacts as well as their temperature and
bias dependence. The fundamental aspects of the rare earth-transition metal
(RE-TM) systems will be discussed to explain various properties of MTJs
with a low work-function FM interlayer.

3.1 Introduction and motivation
We have developed spin tunnel contacts with a low work-function ferromag-
net interlayer—as described in the previous chapter—which satisfy the re-
quirement of the RA matching to the Si channel of a spin-MOSFET. The
main topic of this chapter is to examine whether the spin tunnel contacts with
a low work-function ferromagnet also satisfy the second requirement for the
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suitable source and drain contacts of a Si-based spin MOSFET that the elec-
tron tunneling through the barrier conveys a reasonably high degree of spin
polarization. This requirement is essential to realize Si-based spin MOSFETs,
because the spin-polarized tunneling of electrons from a ferromagnet (FM) to
Si through a tunnel barrier determines the degree of spin accumulation inside
Si, and vice versa [27, 50].

The tunnel spin polarization (TSP) of an FM/barrier is a key factor to
describe the degree of the spin polarization in the tunneling process[61–63].
The tunnel spin polarization is not an inherent property of the FM layer, but
is related to the transport through a barrier, thereby the properties of a tun-
nel barrier and the interface between an FM and a tunnel barrier [62, 63]. For
example, the symmetry of wave functions plays an important role in the trans-
port in an epitaxial MgO barrier [64], resulting in a very high TSP [65, 66]; the
sign of TSP is dependent on the properties of an interface like FM/SrTiO3[67].

An MTJ consists of two magnetic layers separated by a thin insulating bar-
rier [9, 10]. The resistance of an MTJ is a function of the relative alignment
of the magnetization of the two magnetic layers. The most important figure-
of-merit of the MTJ is the tunnel magnetoresistance ratio (TMR), defined as
the relative resistance change in response to a magnetic field divided by the
junction resistance;

TMR =
RAP −RP

RP

, (3.1)

where RP (RAP ) is the resistance when the magnetization of two layer are in
parallel (anti-parallel) [65, 66]. The TMR is determined by the TSP of the
FM/barrier electrodes as

TMR =
2P1P2

1− P1P2

, (3.2)

where P1 and P2 are the TSP of the FM/barrier electrodes. This equation is
the same as that of the Julliere’s model[68], but it differs from the model in
that the definition of TSP includes the effect of the tunnel barrier and the in-
terface between the FM and a tunnel barrier.

A classic technique for probing the TSP of an FM/barrier, developed by
Meservey and Tedrow [58], uses a superconductor electrode in a FM/ insula-
tor/ superconductor junction. This technique requires the measurements to be
conducted at a very low temperature owing to the superconductor electrode.
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Recently, an alternative method has been developed to probe the TSP of an
FM/barrier using a magnetic tunnel transistor (MTT), which enables us to ap-
ply the technique up to room temperature [69].

It is known that Eq. 3.2 is a valid for many FM1/ Al2O3/ FM2 junctions. If
one knows the tunnel spin polarization of FM1/ Al2O3 and FM2/ Al2O3 struc-
tures, one can estimate the TMR of an MTJ consisting of the FM1/ Al2O3/
FM2 using above equation; conversely, if one knows the TSP of the FM1/
Al2O3 and measures the TMR of FM1/ Al2O3/ FM2, one can determine the
TSP of the FM2/ Al2O3. As we have measured the TSP of a well-known elec-
trode like Co/Al2O3 from separate MTT experiments, we are able to obtain
the TSP of an unknown electrode using a TMR measurement. The advantage
of this approach is that it allows us to measure the TSP of the unknown elec-
trode at wide temperature range and to study its temperature dependence and
bias dependence. This method will be used to verify whether the magnetic
tunnel contacts with a low work-function FM interlayer satisfy the second re-
quirement for the suitable contacts, a high TSP.

We are interested in not only the TSP of pure low work-function mate-
rials but also the TSP of bilayer systems, for example, Ni80Fe20/ Gd/ Al2O3

or Co/ Gd/ Al2O3—where the low work-function material is used as sub-nm
interlayer—because this structure is used to control the RA of the FM/ Gd/
I/ Si contacts. We shall study the effect of the magnetic coupling and inter-
diffusion between two layers on the TSP of the FM/ Gd/ Al2O3 systems.

In section 3.2, we review the fundamental aspects of the rare earth metal,
RE-TM alloys, and RE/TM interfaces including magnetic properties and ex-
change interactions. In section 3.3, we describe the fabrication of magnetic
tunnel junctions using thin-film depositions and standard cleanroom tech-
niques. In section 3.4 and 3.5, we present the TMR measurements of the
MTJs, Ni80Fe20/ Gd/ Al2O3/ Co and Co/ Gd/ Al2O3/ Co, with sub-nm Gd in-
terlayer, and discuss various properties of the MTJs such as temperature and
bias dependence. Using this result, we will examine whether the spin tunnel
contacts with a low work-function FM interlayer show a reasonably high TSP.

3.2 Gd and Gd-FM alloys

It is worthwhile reviewing the physical properties of Gd and Gd-FM alloys—
where the FM is Fe, Co, or Ni—in order to discuss their consequences for the
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TSP of FM/Gd/barrier. Amorphous rare-earth transition-metal (RE-TM) al-
loys or RE/TM multi-layers have attracted much attention as a candidate for a
magneto-optical storage medium [70, 71]. There are many excellent reviews
on the magnetic properties of RE metals and RE-TM alloys[70–73]. Here
we focus on a few fundamental aspects quoted from these reviews within the
scope of this chapter.

3.2.1 Magnetic properties of Gd

We have chosen Gd for the electrode material, because Gd presents not only
low work-function properties, but also the highest TSP among other heavy
rare-earth metals such as Tb, Dy, and Ho [58]. The ground-state configura-
tion of Gd is 4f 75d6s2. The ferromagnetism of Gd stems from an indirect
RKKY interaction between the strongly-localized 4f -electron moments me-
diated by the conduction electrons [58, 70]. The localized 4f electrons mainly
contributes the magnetic moment of Gd; the seven unpaired 4f electrons con-
tribute +7 µB—where the µB is the Bohr magneton—according to Hund’s
first rule, and the 5d6s2 conduction electrons contributes +0.63 µB. [58, 70].
Meservey et al. [58] have investigated the TSP of heavy rare-earth metals,
Gd, Tb, Dy, Ho, Er, and Tm with an aluminum-oxide tunnel barrier. They
have shown that the TSPs of heavy rare-earth metals do not scale with the
total magnetic moments, but is approximately proportional to the magnetic
moment of the 5d or 6s conduction electrons [58]. The TSP of Gd/aluminum-
oxide is 13.3 ± 2.5%, the highest among heavy rare-earth metals [58]. Phys-
ical properties of a few heavy rare-earth metals are summarized in the table
3.1.

3.2.2 Gd-FM alloys

It is important to understand the magnetic behavior of Gd-FM alloys, since we
found that there is an inter-diffusion at the RE/FM interface in the previous
chapter. The properties of amorphous RE-TM alloys are strongly dependent
on the alloy composition and temperature. The most interesting feature of
the amorphous RE-TM alloy is that this system reveals a deep minimum in
magnetization as a function of the alloy composition as well as a function of
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Table 3.1. Physical properties of heavy rare-earth metals from references: [55], [58],
[72], and [73]. The ao and co are the lattice constant of the crystal; the TC is the
Curie temperature; the S is the total spin of 4f electrons; the L is the total orbital
angular momentum; the J is the total angular momentum; the g is the Landé g factor;
the µ is the total magnetic moment; the µCE is the magnetic moment contributed by
conduction electrons; the µB is the Bohr magneton; the P is the TSP of RE/Al2O3

measured at 0.45 K from Ref. [58].

Gd Tb Dy Ho Er Tm

Atomic number 64 65 66 67 68 69

Ground state [Xe] 4f75d6s2 4f96s2 4f106s2 4f116s2 4f126s2 4f136s2

Crystal structure hcp hcp hcp hcp hcp hcp

ao (Å) 3.6336 3.6055 3.5915 3.5778 3.5592 3.5375

co (Å) 5.7810 5.6966 5.6501 5.6178 5.5850 5.5540

Metallic radius (Å) 1.8013 1.7833 1.7740 1.7661 1.7566 1.7462

Ionic radius (Å) 0.94 0.93 0.92 0.91 0.89 0.87

Density (g/cm3) 7.900 8.229 8.550 8.795 9.066 9.321

Melting point (◦C) 1313 1356 1412 1474 1529 1545

Work function (eV) 3.1 3.0 - - - -

TC (K) 293.4 219.5 89.0 20.0 20.0 32.0

S 7
2 3 5

2 2 3
2 1

L 0 3 5 6 6 5

J = L + S 7
2 6 15

2 8 15
2 6

g 2 3
2

4
3

5
4

6
5

7
6

gJ 7.0 9.0 10.0 10.0 9.0 7.0

µ (µB) 7.63 9.34 10.33 10.34 9.1 7.14

µCE (µB) 0.63 0.34 0.33 0.34 0.1 0.14

P (%) 13.3 ±2.5 6.0 ±1 6.4 ±1 7.1 ±1 5.0 ±1 2.7 ±1
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temperature [70, 71]. A RE-TM alloy comprises two sub-networks of RE and
TM atoms. The inter-atomic RE-TM exchange is antiferromagnetic (nega-
tive) below a magnetic ordering temperature (TC); therefore, the net magnetic
moment (Mnet) of the RE-TM alloy is expressed as

Mnet = MRE −MTM , (3.3)

where MRE (MTM ) is the magnetization from the RE (TM) subnetwork [70].
At a compensation temperature (or at a compensation composition), the two
subnetwork magnetizations cancel each other, and reveal null net magnetic
moment. Gambino [70] has explained the reason for the negative exchange
between RE and TM as follows: "it is likely that the rare earth exchange
mainly involves the 6s and 5d electrons which have much greater radial ex-
tent than the 4f electrons. The rare earth 5d and the transition metal 3d inter-
atomic exchange is probably positive (ferromagnetic) but the 5d–4f rare earth
intra-atomic exchange is strongly negative." We will recall his remark in ana-
lyzing the TSP of FM/Gd/barrier in section 3.4.

The magnetic moment of an atom is sensitive to its local environment;
a minimum exchange interaction from magnetic neighbors is required for
the atom to carry a magnetic moment [72]. The exchange energy between
two subnetworks can be obtained from the mean field theory [70–72]. The
strength of major exchange interactions strongly depends on the inter-atomic
distance;

|JTM−TM | > |JRE−TM | À |JRE−RE|, (3.4)

where JA−B represents the strength of the exchange interaction between A
and B subnetwork [70, 72]. The strong JTM−TM and JRE−TM mainly con-
tribute the magnetic properties of Gd-FM alloys; JRE−RE is relatively unim-
portant in Gd-FM alloys—usually 2 orders of magnitude smaller than JTM−TM .
[71, 72]

It is known that the amorphous Gd-Co alloys are simple ferromagnets,
but the amorphous Gd-Fe or Gd-Ni alloys show great complexity [70–72].
JTM−TM and JRE−TM are strongly dependent on the alloy composition, and
so is the magnetic ordering temperature as shown in the Fig. 3.1. For exam-
ple, the magnetic ordering temperature of GdxCo1−x alloy decreases steeply
with increasing Gd content down to TC = 200 K at x = 0.6 , and develops a
minimum TC of 150 K at x= 0.8 [74]. GdxNi1−x alloy has much lower fer-
rimagnetic ordering temperature [75]. For Ni rich composition (x ¿ 0.2),
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Figure 3.1. Compositional variation of the Curie temperature for RE-TM alloys from
references. GdCo: Ref. [71]; GdFe: Ref. [71]; GdNi: Ref. [75].

the Ni develops a strong magnetic moment due to ferromagnetic ordering be-
tween Ni atoms [75]. The ferrimagnetic ordering temperature of GdxNi1−x

alloy also decreases steeply down to 40 K at x = 0.2 with increasing Gd
content, and then it increases slowly as Ni starts to act like a non-magnetic
diluent among the ferromagnetically-coupled Gd [75]. GdxFe1−x alloy shows
even more complex characteristics, because the magnetic moments of the Fe
subnetwork are not parallel, but are panned out [70]. The magnetic order-
ing temperature of Gd-rich GdxFe1−x alloys are higher than those of Gd-rich
Gd-Co and Gd-rich Gd-Ni alloys, but sensitive to the method of sample prepa-
ration [71, 72].

3.2.3 Gd/FM and Gd/insulator interfaces

It is necessary to understand the properties Gd/FM and Gd/insulator inter-
faces, as the FM/ Gd/ Al2O3 tunnel contact comprises two interfaces: Gd/



52 Magnetic tunnel junctions using low work-function ferromagnet

Ni80Fe20 and Gd/ Al2O3 interfaces. Because the magnetic moment of Gd is
very sensitive to local environment, a Gd deposition on a non-magnetic mate-
rial results in a decrease of the Curie temperature of the Gd film. Farle et al
[76] found that the Curie temperature of 5-100 monolayers Gd on W(110)
decreases with decreasing the film thickness, TC (hcp crystalline Gd) = 292.5
K to TC (5 monolayers) = 120 K; the Curie temperature of film depends also
on the growth conditions very sensitively. For example, the Curie temperature
of amorphous Gd is about 200 K much lower than the TC of hcp crystalline
Gd[70–72]. On the other hand, the Curie temperature of a Gd layer may be
enhanced by placing a ferromagnetic layer with high Curie temperature at the
proximity of the Gd layer. This is what we are aiming for. We have expected
the increase of the Cuire temperature of Gd by using FM/ Gd/ Al2O3/ Si tun-
nel contacts instead of a pure-Gd/Al2O3/ Si tunnel contact.

RE/FM bi-layers, FM/RE/FM sandwiches, and RM/FM mutilayers repre-
sent very interesting magnetic systems with various magnetic configurations
[77–80]. For example, the magnetic moment of Gd in a Gd/Fe multilayer
shows a twisted spin state [77]. The exchange interaction between the ele-
ments can explain the complex behaviors of RE/FM bi-layers, FM/RE/FM
sandwiches, and RE/FM mutilayers.

3.3 Fabrication of magnetic tunnel junctions

In order to determine the TSP of the Ni80Fe20/ Gd/ Al2O3 electrode, we have
fabricated metal MTJs with a well-known counter electrode, Co. The MTJ
stack—fabricated on Al2O3 (0001) substrates—consists of Co (8 nm)/ Al2O3

(3 nm)/ Gd (0 to 1.8 nm)/ Ni80Fe20 (15 nm)/ Al (1 nm), as shown in Fig. 3.2.
The MTJ stack has a layer structure with a well-known bottom Co/ Al2O3

electrode with a top Ni80Fe20/ Gd/ Al2O3 electrode. Because we know the
TSP of Co/ Al2O3 from separate MTT measurements[69], we can obtain the
TSP of Ni80Fe20/ Gd/ Al2O3, measuring the TMR of Co/ Al2O3/ Gd/ Ni80Fe20.

It is necessary to pattern the MTJs into a cross-geometry structure for
TMR measurements. We have used a shadow mask process for patterning
tunnel junction layouts with consecutive depositions through different metal
shadow masks. We have selected this method because the shadow mask tech-
nique provides us shorter process time than the standard lithography and ion



3.3 Fabrication of magnetic tunnel junctions 53

Co

Gd

Al
2
O

3

NiFe

Bottom electrode

Top electrode

Cap

P
NiFe/Gd/Al2O3

P
Co/Al2O3

Figure 3.2. A schematic representation of a magnetic tunnel junction with a low
work-function Gd layer.

beam etching process.
The patterning steps of the shadow mask technique are as follows. First,

the bottom Co layer is deposited through a strip mask. Then a metal Al layer
is deposited on top of the Co layer through the same strip mask and subse-
quently oxidized in a remote oxygen plasma. In chapter 2, we have evaporated
Al2O3 to form a tunnel barrier on top of Si. We find that the Al2O3 deposition
shows very smooth layer on Si while an Al deposition shows a rough layer
on Si. In the MTJ fabrication, we use metal Al deposition instead of Al2O3

deposition for the barrier formation, because the metal deposition provides a
better quality of barrier on top of the Co metal electrode. The junction area
is defined using a thick insulation layer with a 250-µm-wide slit structure.
Finally, top electrode materials are deposited through a shadow mask to form
300-µm-wide cross strips. We have measured the roughness of Co/ Al2O3

surface of a test sample after the plasma oxidation using an atomic force mi-
croscope (AFM) to examine the quality of the surface. The surface shows an
rms roughness of 0.17 nm in 1 µm square area. This guarantees that the sur-
face of Co/ Al2O3 electrode has almost similar smoothness compared to the
Si/ Al2O3 surface shown in chapter 2.

The deposition of magnetic materials requires careful attention, since the
deposition at an oblique angle often induces a magnetic anisotropy in the
film. We will discuss this issue in chapter 5 in detail. In order to avoid any
complexity caused from the growth-induced anisotropy, we have used two
processes. The first method is to maintain the same deposition angle for the
bottom magnetic electrode and the top magnetic electrode to keep the mag-
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netic easy axis in the same direction for both layers; the second method is to
pin the magnetic moment of one electrode using an exchange coupling from
an anti-ferromagnetic layer. We have used the latter method when the coer-
civities of the top and bottom electrodes of a MTJ are very close to each other.

3.4 MTJs with a low work-function Gd interlayer

In this section, we describe the properties of MTJs with a low work-function
Gd interlayer. We investigate the TSP of the tunnel contacts, Ni80Fe20/ Gd/
Al2O3, versus the thickness of the Gd interlayer. We study the TSP and resis-
tance (R) of the tunnel contacts versus temperature as well as the TSP and R
versus the applied voltage bias.

In order to determine the tunnel spin polarization of the Ni80Fe20/ Gd/
Al2O3 electrode, we have fabricated metal MTJs consisting of Co (8 nm)/
Al2O3 (3 nm)/ Gd (0 to 1.8 nm)/ Ni80Fe20 (15 nm)/ Al (1 nm), as described in
section 3.3. Figure 3.3 shows the TMR versus magnetic field for MTJs with
different Gd interlayers measured at 100 K. All curves show a reasonably high
value of TMR and two clear transitions corresponding to the magnetization
reversal of the bottom Co electrode (∼35 Oe) and the top Gd/ Ni80Fe20 elec-
trode (∼10 Oe). The TMR as a function of thickness of the Gd interlayer is
given in Fig. 3.4 at four different temperatures: 10 K, 100 K, 200 K, and 300
K.

From the measured TMR values, the TSP of the Ni80Fe20/ Gd/ Al2O3

electrode is calculated using Eq. 3.2 where the TSP of the Co/ Al2O3 elec-
trode was independently determined from magnetic tunnel transistor experi-
ments [69]. The TSP of the Co/ Al2O3 electrode is 36%, 35%, 33%, 30%,
respectively at 10, 100, 200, and 300 K. We find that the TSP of Ni80Fe20/
Gd/ Al2O3 electrodes at 100 K remains reasonably large; the spin tunnel con-
tacts at 100 K show a TSP higher than 10% even for the thickest Gd layer.
In chapter 2 we found that the RA product of the contacts starts to saturates
with increasing Gd thickness at 0.8 nm Gd thickness, and shows the optimum
for the electrical spin injection and detection. The TSP of a contact with a
0.8-nm Gd layer is 19%, 10%, and 5%, respectively, at 100, 200, and 300 K
(Fig. 3.4(b)). This means that the Ni80Fe20/ Gd/ Al2O3 tunnel contact satisfy
the second requirement of the source and drain contacts, a reasonably high
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Figure 3.4. (a) TMR and (b) TSP of MTJs with low work function ferromagnet.
The MTJs consists of Co (8 nm)/ Al2O3(3 nm)/ Gd (0.3 to 1.8 nm)/ Ni80Fe20 (15
nm). TMR and TSP, respectively, as a function of the thickness of the Gd interlayer
measured at four different temperatures, 10 K, 100 K, 200 K, and 300 K. The solid
lines are a guide to the eyes.
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TSP.
The magnetic interactions in the Ni80Fe20/ Gd/ Al2O3 are complicated,

because of the amorphous RE-TM elements. The MTJs without a Gd layer
shows a large TSP, ∼38%. The TSP of the contact decreases as the Gd thick-
ness increases as shown in the figure Fig. 3.4(b). The experimental results
in Fig. 3.4(b) show that the measured TSP is positive in the measured Gd
thickness range. In order to understand this, we should take into account the
following three points.

First, the element-specific TEM image in chapter 2 (see Fig. 2.23) indi-
cates that some amount of Ni (and possibly Fe) diffuses into the Gd layer,
transforming the Gd layer into a Gd-Ni alloy layer. The exact alloy composi-
tion is not known. It is likely that the alloy composition at the Al2O3 surface
is relatively Ni-rich with a thinner Gd thickness, and the alloy composition
is relatively Gd-rich with a thicker Gd layer. Second, Fig. 3.1 shows that the
magnetic ordering temperature (TC) of Gd-Ni alloy is quite low. For example,
the TC of Gd20Ni80 alloy is about 40 K. Third, the TSP of Gd is mainly at-
tributed by the 5d and 6s conduction electrons, not the 4f electrons. The bulk
Gd has a moment of +7 µB from the 4f electrons, and +0.63 µB due to the
5d and 6s conduction electrons. Total moment +7.63 µB (table 3.1) suggests
that both moments are aligned parallel. The TSP of pure Gd measured with
the Tedrow/Meservey technique is positive (+13%, see section 3.2.1), which
is consistent with tunneling of the 5d and 6s conduction electrons with +0.63
µB moment aligned along the total Gd moment.

It is known that the magnetic moment of Gd in Gd-TM alloys is antiferro-
magnetically coupled with that of TM. However, we don’t know whether all
electrons (4f , 5d, and 6s) of Gd is 100% antiferromagnetically coupled with
those of Ni. If the inter-atomic exchange coupling between rare earth (Gd)
5d and the transition metal Ni 3d is antiferromagnetic, the TSP can be nega-
tive in a Gd-rich Gd-Ni alloy where the tunneling from the Gd is dominant.
However, the experimental results in Fig. 3.4(b) show that the measured TSP
is always positive in all Gd thickness range. This suggests two possibilities:
(i) the alloy composition is Ni-rich where the tunneling from Ni is domi-
nant, or (ii) the inter-atomic exchange coupling between rare earth 5d and the
transition metal 3d is ferromagnetic. For case (i), there would be a positive
contribution (Ni) and a negative contribution (Gd, 5d, 6s), and their relative
contribution determines the overall sign of the TSP. If there are large amount
of Ni atoms at the surface of Al2O3 barrier, the total TSP is also dominantly
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Figure 3.5. Temperature (T) dependence of (a) TMR and (b) resistance of MTJs with
a low work-function ferromagnet. The MTJs consists of Co (8 nm)/ Al2O3 (3 nm)/ Gd
(0.3 to 1.8 nm)/ Ni80Fe20 (15 nm). The resistance, R(T) is normalized to the resistance
measured at 10 K.

determined by the TSP of Ni of which magnetic moment is aligned parallel
to the magnetic moment of the big Ni80Fe20 layer. For case (ii), it would
be useful to remember that the inter-atomic exchange coupling between rare
earth 5d and the transition metal 3d is possibly ferromagnetic, but the 5d–4f
rare earth intra-atomic exchange is strongly antiferromagnetic[70]. Although
the magnetic moments of the Ni80Fe20 (3d electrons) subnetwork and that of
Gd (4f electrons) subnetwork are coupled antiferromagnetically, it is possible
that the 5d and 6s conduction electrons of Gd— which mainly contributes the
TSP—are coupled ferromagnetically with the conduction electrons of the Ni.
Consequently, the TSP of Gd/ Al2O3 can have the same polarity as the TSP
of Ni80Fe20/ Al2O3. Nevertheless, it is difficult to decide which explanation
is right, and further study is required.

For the Gd films much thicker than 2 nm, the TMR measurement as
a function of magnetic field was found to be not reproducible. The shape
of TMR curves lacks clear switching, which changes irregularly from one
measurement to another. When the Gd thickness is thin enough in our exper-
iment, the magnetic moment of Gd is strongly coupled with those of Ni and
Fe. Accordingly, the magnetization of the FM layer aligns the Gd magnetic
moments uniformly in one direction. As the Gd thickness becomes thicker
than the characteristic length of the exchange coupling, the magnetization of
the FM layer can no longer aligns the Gd magnetic moments on the Al2O3
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Figure 3.6. TMR versus applied voltage bias (T= 5 K) of (a) an MTJ without a
Gd layer, (b) an MTJ with a 0.3 nm Gd layer, and (c) an MTJ with a 1.0 nm Gd
layer. Electrons tunnel into the top (bottom) electrode at the positive (negative) voltage
range. A Gd layer is the top electrode, and a Co layer is the bottom electrode.

surface uniformly. It is likely that the magnetic moments of both FM and
Gd layers rotate out of the applied-field angle within a characteristic length,
which depends on the magnetic anisotropy and the exchange energy of the
materials [77, 80].

Figure 3.5 shows the temperature dependence of the resistance and TMR
of MTJs, Co (8 nm)/ Al2O3 (3 nm)/ Gd (0 to 1.8 nm)/ Ni80Fe20 (15 nm)/ Al (1
nm). The MTJs with a Gd interlayer display stronger temperature dependence
than that of the MTJ without Gd interlayer. As the temperature increases from
10 K to 300 K, the resistance of the MTJs with a Gd interlayer decreases a
factor of 2 to 10, and their TMR decreases a factor of 3 to 14. We find, in the
chapter 2, that some amount of Gd diffuses into the Al2O3 barrier, while the
diffusion of Gd into the Ni80Fe20 layer is negligible. The Gd diffusion into
the tunnel barrier results in this strong temperature dependence. It is known
that three mechanisms—the spin conserved tunneling, impurity assisted tun-
neling, and spin exchange scattering—contribute the tunnel conductance of
the junction with a doped-barrier [81]. Jansen et al. [81] have reported that
magnetic impurity inside a barrier yields the spin-exchange scattering, which
enhances the temperature and bias dependence of TMR.

The MTJs with a Gd interlayer shows a stronger bias dependence of TMR
(Fig. 3.6) in comparison with that of a control sample without a Gd layer.
Fig. 3.7 shows the differential conductance (dI/dV ) of MTJs as a function of
the applied voltage bias. The control sample without a Gd interlayer shows
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Figure 3.7. Differential conductance (dI/dV ) versus applied voltage bias of (a) an
MTJ without a Gd layer and (b) an MTJ with a 3-nm Gd layer. The MTJs consist of
Co (8 nm)/ Al2O3 (3 nm)/ Gd (0.0 or 0.3 nm)/ Ni80Fe20(15 nm). Electrons tunnel into
the top (bottom) electrode at the positive (negative) voltage range. The Gd layer is the
top electrode, and the Co layer is the bottom electrode.

typical zero bias anomaly of MTJs, while the sample with a Gd interlayer dis-
plays a steep parabolic increase of the conductivity with increasing the voltage
bias. We believe that this is also the consequence of the Gd diffusion into the
tunnel barrier as also found for Ni doping of Al2O3 barriers[81]. Because this
strong temperature and bias dependence of the TMR are unprofitable for the
spin tunnel contact, these properties should be improved.

3.5 MTJs with a Gd/Co bi-layer

The main motivation to study MTJs with a Gd/Co bi-layer electrode is to
increase the TSP of magnetic tunnel contacts with a low work-function in-
terlayer at room temperature. Because amorphous Gd-Co alloy has a higher
magnetic ordering temperature than that of the Gd-Ni alloys (Fig. 3.1), the
TSP of Co/Gd/Al2O3 might be also higher than that of Ni80Fe20/ Gd/ Al2O3

at the same temperature.
We have investigated the tunnel spin polarization of the Co/ Gd/ Al2O3

electrode by fabricating MTJs with this electrode. The MTJ stack, fabricated
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Figure 3.8. A schematic representation of a magnetic tunnel junction with a Gd/Co
bi-layer. An exchange biasing layer (CoO) fixes the magnetization of the top Ni80Fe20

electrode, while the magnetization of the bottom Co layer rotates freely with a field of
100 Oe.

Table 3.2. TMR of the MTJs with a Gd/Co bilayer.

Sample Gd thickness Co thickness TMR at 10 K TMR at 100 K
No. (nm) (nm) (%) (%)

1 0.0 1.0 28.5 26.7
2 0.2 1.0 23.3 19.8
3 0.4 0.6 23.4 17.5
4 0.6 0.6 19.9 13.2
5 0.8 0.2 7.3 3.3
6 1.0 0.2 -3.7 -0.8

on Al2O3 (0001) substrates, consists of Co (8 nm)/ Al2O3 (3 nm)/ Gd (x nm)/
Co (y nm)/ Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1 nm), as shown in the Fig.
3.8. We have varied the Co and Gd layer thickness, x and y, as summarized
in the table 3.2. It is known that a strong asymmetric diffusion occurs at a
Co/Gd interface; Co diffuses throughout the Gd layers and forms a GdxCo1−x

alloy that is limited at nearly the eutectic composition (Gd63Co37) [78]. We
expect a different Co/Gd bilayer configuration results in a different Co-Gd
alloy composition at the Al2O3 surface.

We have used an exchange biasing layer to pin the magnetization of the
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Figure 3.9. TMR of MTJs with a Gd/Co bi-layer versus magnetic field measured at
10 K. The MTJs consists of Co (8 nm)/ Al2O3 (3 nm)/ Gd (0.2 nm)/ Co (1.0 nm)/
Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1 nm). This curve shows a full hysteresis loop

top Ni80Fe20 electrode, since the coercivity of the top Gd/Co electrode is very
close to that of the bottom Co electrode. An anti-ferromagnetic CoO layer
is formed by Co deposition (2.5 nm) on the Ni80Fe20 layer and by in − situ
plasma oxidation (3 min). The low blocking temperature of CoO (∼ 240 K)
limits the temperature range of the exchange bias. The Ni80Fe20 layer has
two functions: to control the magnetization of the Gd/Co layers and to protect
those layers from the oxidation. The fixed magnetic moment of the Ni80Fe20

magnet aligns the magnetic moment of the Co in the same direction, and
thereby the magnetic moment of the Gd in the opposite direction owing to the
strong anti-ferromagnetic coupling between the Co and the Gd in the layer.

Figure 3.9 shows the TMR versus the applied magnetic field for MTJs
consisting of Co (8 nm)/ Al2O3(3 nm)/ Gd (0.2 nm)/ Co (1.0 nm)/ Ni80Fe20

(15 nm)/ CoO (2.5 nm)/ Al (1 nm) measured at 10 K. This curve shows a full
hysteresis loop, where the Co bottom layer switches at a small field (∼50 Oe),
and the exchange-biased top electrode switches at higher field (a few kOe).
Because of the relatively high switching field of the top electrode, we can as-
sume the top electrode as a fixed magnet within 100 Oe magnetic field range.

Figure 3.10 shows the TMR versus the applied magnetic field for the
MTJs with various Gd/Co bi-layers measured at 10 K. All curves show clear
transitions corresponding to the magnetization reversal of the bottom Co elec-
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Figure 3.10. TMR of MTJs with a Gd/Co bi-layer versus magnetic field measured
at 10 K. The MTJs consists of Co (8 nm)/ Al2O3 (3 nm)/ Gd (x nm)/ Co (y nm)/
Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1 nm). These curves show only minor hysteresis
loops with a small magnetic field, where only the magnetization of the bottom Co
layer switches. The magnetic moments of the top and bottom electrodes are in the
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Figure 3.11. (a) TMR of MTJs with a Gd/Co bi-layer. The MTJs consists of Co (8
nm)/ Al2O3(3 nm)/ Gd (x nm)/ Co (y nm)/ Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1
nm). (b) TSP of the Al2O3 (3 nm)/ Gd (x nm)/ Co (y nm)/ Ni80Fe20 (15 nm) elec-
trode. TMR and TSP, respectively, as a function of the thickness of the Gd interlayer
measured at three different temperatures, 10 K, 100 K, and 200 K. The solid lines are
a guide to the eyes.
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trode only. The MTJs with a thinner Gd layer (tGd < 0.6 nm) present a rea-
sonably high value of TMR, but the MTJ with a 0.8 nm presents a quite small
TMR. The most striking result is that the MTJ with a 1.0 nm Gd layer shows
a small negative TMR.

Fig. 3.11 shows the TMR of MTJs consisting of Co (8 nm)/ Al2O3(3 nm)/
Gd (x nm)/ Co (y nm)/ Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1 nm), and TSP
of the Al2O3 (3 nm)/ Gd (x nm)/ Co (y nm)/ Ni80Fe20 (15 nm) electrode as
a function of thickness of the Gd interlayer at three different temperatures:
10 K, 100 K, and 200 K. The TSP values are obtained by the same way that
we have described in the section 3.4. The TSP measured at 10 K decreases
slightly with increasing the Gd thickness up to 0.6 nm, showing a positive
value higher than 25%. As the Gd thickness increases further, the TSP of the
tunnel contact decreases steeply, crosses zero, and becomes negative at the
thickest Gd layer. With increasing temperature, the TSP at a small Gd thick-
ness remains positive, but the TSP at 1-nm Gd thickness changes its sign from
negative (T<100 K) to positive (T>200 K). Consequently, the TSP of these
tunnel contacts with a thicker Gd layer (tGd > 0.6 nm) is smaller in compari-
son with the tunnel contacts of the previous section at the same Gd thickness.

We have observed a negative TSP of the Gd/ Co electrode with a thick Gd
layer (tGd = 1.0 nm). In the Al2O3/ Gd-Co/ Ni80Fe20 (15 nm) contact, the
magnetic moment of Co is aligned ferromagnetically with the moment of the
Ni80Fe20 (15 nm) electrode, while the total magnetic moment of Gd is anti-
ferromagnetically aligned with that of Co as well as that of Ni80Fe20 (15 nm)
electrode. The Co would contribute positively to TSP, and thus, this cannot
explain the negative TSP. Because the 4f electrons in Gd does not contribute
to the TSP, it means that the negative TSP is due to the Gd 5s and 6s elec-
trons, which mainly contribute the TSP of Gd. This implies that Gd 5s and 6s
electrons are coupled antiferromagnetically with the 3d moment of Co, and
coupled ferromagnetically with the Gd 4f as in the bulk Gd. This is consistent
with the results that Kaiser et al.[82] has reported in the TSP of Gd-Co alloy
system, taking into account that the direction of the total magnetic moment
of a Gd/Co bi-layer is pinned by a bigger Ni80Fe20 magnet in our experiment.
The magnetic ion-conduction electron exchange interaction is an oscillatory
function of the inter-atomic distance and the wave vector at the Fermi surface
[83]; there is a possibility that the sign and magnitude of the magnetic ion-
conduction electron exchange interaction depends on the alloy material and
composition.
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Figure 3.12. TMR versus applied voltage bias of MTJs with a Gd/Co bi-layer. The
MTJs consist of Co (8 nm)/ Al2O3( 3 nm)/ Gd (x nm)/ Co (y nm)/ Ni80Fe20 (15
nm)/ CoO (2.5 nm)/ Al (1 nm). Electrons tunnel into the top (bottom) electrode at the
positive (negative) voltage range. The Gd layer is the top electrode, and the Co layer
is the bottom electrode.

The spin tunnel contacts with a Gd/Co bi-layer present a high TSP, if
the Gd layer is thin enough. The strong antiferromagnetic coupling between
the conduction electrons of Co and Gd results in a steep decrease of the TSP
of the tunnel contacts with a thick Gd layer, compromising the benefits from
the possible higher Curie temperature of the Gd/Co system. Despite this clear
limitation, one can optimize the performance of the spin tunnel contacts, if
there is a way to reduce the Schottky barrier height with a thinner Gd thick-
ness. In the next chapter, we will show that it is actually possible that only a
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Figure 3.13. Differential conductance (dI/dV) versus applied voltage bias of MTJs (a)
without a Gd/Co bi-layer and (b) with a Gd/Co bi-layer. The MTJs consist of Co (8
nm)/ Al2O3( 3 nm)/ Gd (x nm)/ Co (1.0 nm)/ Ni80Fe20 (15 nm)/ CoO (2.5 nm)/ Al (1
nm). Electrons tunnel into the top (bottom) electrode at the positive (negative) voltage
range. The Gd layer is the top electrode, and the Co layer is the bottom electrode.

thin Gd layer (tGd < 0.6 nm) with the Cs-dosed Si surface is enough to get
the desired RA product for the suitable source and drain contacts of a spin-
MOSFET.

The bias dependence of MTJs with a thinner Gd layer (Fig. 3.12) is similar
to the characteristics of MTJs in the section 3.4, but the bias dependence with
a thicker Gd layer is peculiar. For instance, the TMR in Fig. 3.12(e) at zero
bias is +5%. The TMR increases initially up to the maximum of 14 %, but it
starts to decrease with increasing the bias voltage. The TMR in Fig. 3.12(f)
at zero bias is -5%. With increasing the bias voltage, the TMR crosses zero
and becomes positive. The negative TMR contribution in the bias dependence
might be due to the 5d and 6s conduction electrons of the Gd that are anti-
ferromagnetically coupled with the conduction electrons (3d electrons) of the
Co. It is not certain that this complex bias dependence as an intrinsic property
of the Gd-rich GdCo alloy, and a further study is required to explain this. Fig-
ure 3.13 shows that the dI/dV as a function of the voltage bias of MTJs. The
control sample without a Gd interlayer shows typical zero bias anomaly of
MTJs, but the sample with a Gd interlayer display a steep parabolic increase
of the conductivity with increasing the voltage bias.
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3.6 Conclusions

We have demonstrated that the spin tunnel contacts with a low work func-
tion ferromagnet—inserted between the ferromagnet (FM) and the insulator
of FM/Al2O3/Si tunnel contacts— injects spin-polarized carriers with a rea-
sonably high TSP into the other electrode through a tunnel barrier. We have
fabricated a series of MTJs of NiFe/ Gd/ Al2O3/ Co and Co/ Gd/ Al2O3/ Co,
which show a reasonably high value of TMR with clear magnetization switch-
ing. We have obtained the TSP of the NiFe/ Gd/ Al2O3 and Co/ Gd/ Al2O3

electrode from the measured TMR values, and investigated the TSP as a func-
tion of thickness of the low-work function interlayer at different temperatures.
We find that the spin tunnel contacts with low work-function ferromagnet has
a reasonably high TSP, satisfying the second requirements of the source and
drain contacts to realize the Si-based spin MOSFET.

We find that the TSP of tunnel contacts with a low work function ferro-
magnet depends on many parameters: ferromagnet elements, alloy composi-
tion, the strength and the sign of magnetic coupling, voltage bias, and tem-
perature. There is still lots of room for improvement of the TSP at high tem-
perature and the bias dependence. For example, this approach is certainly not
limited to Gd, but can be extended to other spin tunneling materials with low
work function. We may expect an enhanced TSP using other ferromagnets
and barrier materials, or engineering the magnetic coupling of the nm-thin low
work-function interlayer to a ferromagnetic material with high Curie temper-
ature. In that respect, it is also of interest that it was recently shown that a low
work function and a stable interface/surface are not mutually exclusive[84].
Among thousands of ferromagnetic metals, magnetic alloys, and magnetic
oxides, there might be better materials in the sense of higher TSP, higher TC ,
lower work function, and better chemical-stability than Gd.

This work opens up a whole new category of tunnel contact materials
combining high TSP with low work function. This technique is not only es-
sential to semiconductor-based spintronics, but may also find their way to
low RA product applications of MTJs such as read heads in magnetic disk
drives. This method could prove useful when the desired RA product is so
small that the required thickness of the tunnel barrier enters the range where
pinholes can no longer be avoided. The MTJs with RE-TM materials reveal
complex magnetic interactions between localized magnetic ions and conduc-
tion electrons; this may provide various interesting phenomena possibly use-
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ful for spin-transfer torque devices, for example, a reduction of the critical
current density in the current-induced magnetization switching by achieving
zero magnetization with a high tunnel spin polarization.





Chapter 4
Engineering of spin tunnel
contacts to Si using Cs

In chapter 2, we have shown that it is possible to control the Schottky barrier
height and resistance-area (RA) product of spin tunnel contacts to Si using
low work-function materials, inserted between the ferromagnet (FM) and the
insulator of FM/ Al2O3/ Si tunnel contacts. Here we present another route to
control and reduce the Schottky barrier height of FM/ Al2O3/ Si contacts very
effectively by depositing alkali metal atoms, such as Cs, on the Si surface
prior to preparation of the tunnel barrier. A series of measurements has been
conducted to understand the mechanism of the reduction of the Schottky bar-
rier height. We find very interesting phenomena with this type of contact; the
band bending near the contact can be inverted, leading to a possible formation
of a two-dimensional electron gas with n-type Si.

4.1 Introduction and motivation
In the previous chapters, it has been shown that the control of the Schottky
barrier height is crucial to observe the magnetoresistance (MR) signal from
the Si-based spin-MOSFET. For this purpose, we have presented tunable spin
tunnel contacts with a low work-function interlayer, for example, FM/ Gd/
Al2O3/ Si contacts. By using this type of contact, it is possible to tune the RA
product over many orders of magnitude, and maintain reasonable tunnel spin
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polarization.
In this chapter, we present an alternative method to control the Schottky

barrier height of FM/ Al2O3/ Si contacts by depositing alkali-metal atoms on
the Si surface. Alkali metal deposition on a host metal surface, for example,
Cs on W, has been widely used for reducing the work function of the metal
surface for various technical applications[85, 86]. Alkali-metal-covered mate-
rial surfaces are known to be very effective to improve the emission efficiency
in the photoemission[85]. A low work function observed in a cesiated metal
surface is due to a complex dipole formation at the surface, by transferring
electronic charge from Cs to the host metal layer[87]. We investigate the ef-
fect of Cs deposition on the Schottky barrier height of FM/ Al2O3/ Si contacts
by inserting Cs either at the metal/insulator interface or at the insulator/Si in-
terface. We shall discuss the feasibility of this approach to obtain the desired
resistance-area (RA) product of spin tunnel contacts with a higher tunnel-spin
polarization (TSP).

Section 4.2 describes the experimental details on the fabrication of FM/
Al2O3/ Si contacts with alkali-metal deposition. It will be demonstrated that
the Cs deposition on Si surface offers us very effective way to control the
Schottky barrier height of the FM/ Al2O3/ Si contacts and to get a low Schot-
tky barrier height. In section 4.3, we obtain the density of the gap states and
the charge neutrality level of the FM/ Al2O3/ Si contacts with the Cs-covered
Si interface by controlling the effective work function of the FM and measur-
ing the Schottky barrier height of the tunnel contact to Si. This measurement
will explain the mechanism of the reduction of the Schottky barrier height in
this type of contact. It will be shown that the band bending near the contact
can be inverted, forming an accumulation layer at the n-type Si surface, sug-
gesting that a two-dimensional electron gas is formed at the n-type Si surface.

4.2 Fabrication of FM/I/Si contacts with Cs

The fabrication process of FM/ Al2O3/ Si contacts with a interfacial Cs layer
is the same as that described in the chapter 2 except for the Cs deposition.
The Cs layer is deposited using alkali-metal dispensers (SAES getters S.p.A.),
which contains a mixture of an alkali metal chromate (Cs2Cr2O ) with a re-
ducing agent (Al 16% and Zr 84%)[88]. Cs is evaporated by flowing current
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through a wire-shaped dispenser. Current through the wire is increased by 0.5
A in every minute up to 4.0 A, increased by 0.2 A in every minute from 4 A to
6 A, and maintained at 6 A for 15 minutes. Although the amount of Cs flow
is sufficient to reach saturation monolayer coverage at the surface, the exact
amount of deposited Cs materials on the sample surface is not known. The
Cs deposition has been conducted in a small chamber connected to the main
chamber that is used for the FM metal deposition. During the Cs deposition,
the pressure is kept to below 5×10−7 Torr. The same Cs deposition condition
is used for all series of samples. After the Cs deposition, the sample is trans-
ferred to the main chamber for the oxide layer deposition. The single-crystal
Al2O3 has been used for the deposition. The same oxidation time (7.5 min)
for Al2O3 is used for all series of samples. The condition for the metallic
layer is also the same as described in chapter 2, section 3.

We have fabricated three different series of samples; the descriptions of
each series and the corresponding Schottky barrier heights of each series are
summarized in table 4.1. The series A comprises Si/ Al2O3/ Cs/ FM tunnel
contacts where Cs is deposited on the Al2O3 insulator and thereafter the FM
is deposited. We will examine whether a lower Schottky barrier is obtained
with this type of contact owing to the low work function of Cs. The series
B comprises Si/ Cs/Al2O3/ FM tunnel contacts where Cs is deposited on Si,
and thereafter the Al2O3 insulator and FM layers are formed. We are inter-
ested in the effect of Cs on the modification of the electronic structure of the
Si surface. The series C comprises Si/ Cs/ Al2O3/ Gd/ FM tunnel contacts
where both Gd and Cs are used. The location of the Cs is the same as that in
the series B. The purpose of the Gd deposition is to control the effective work
function of the FM layer as described in the chapter 2. This will allow us to

Table 4.1. Sample layout of three series of samples and their Schottky barrier heights.

Series Description (thickness in nm) SBH (eV)

A Si/ Al2O3 (0.5-1.2)/ Cs/ Ni80Fe20 (10) /Au (10) 0.45∼0.65

B Si/ Cs/ Al2O3 (0.5-1.2)/ Ni80Fe20 (10) /Au (10) 0.16∼0.21

C Si/ Cs/ Al2O3 (0.5-2.3)/ Gd (0-3.0)/ Ni80Fe20 (10) /Au (10) -0.05∼0.30
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obtain the density of the gap states and the charge neutrality level of the FM/
Al2O3/ Si contacts with Cs-dosed Si interface.

4.3 Effect of Cs-deposition on Schottky barrier

The curve A in Fig. 4.1 shows the measured I-V characteristic of an FM/
Cs/ Al2O3/ Si tunnel contact, where the Cs is placed in between the insulator
Al2O3 and FM metal. Because the work function of Cs (2.14 eV) is lower
than that of Gd (3.1 eV), a lower Schottky barrier might be expected for the
samples in the series A in comparison with the Schottky barrier of FM/ Gd/
Al2O3/ Si tunnel contact in chapter 2, section 2.5.3. However, the measured
I-V characteristics of the contacts in the series A, for example, curve A in
Fig. 4.1 reveals a more rectifying behavior with a low current density in the
reverse bias range than the Gd contact in Fig. 2.10. The Schottky barrier
height of this contact is 0.65 eV, slightly lower than the Schottky barrier height
(0.81 eV) of the contact without Cs layer, but much higher than the Schottky
barrier height (∼0.0 eV) of the contact with a thick Gd layer (tGd > 0.8 nm).
This is contrary to the reported result with a metal surface covered by a Cs
layer in vacuum (metal/Cs/vacuum), that shows a huge reduction of the work
function of the metal surface[85]. When the deposited Cs layer is thin, about
a monolayer, for the metal/Cs bi-layer to possess a work function of bulk Cs
material, the effective work function of the bi-layer depends on the behavior
of the surface dipole. The difference between metal/ Cs/ Al2O3 and metal/ Cs/
vacuum might explain why Cs layer in between the metal/insulator interface
is not effective to reduce the work function. In the metal/ Cs/ Al2O3 contacts,
Cs can give its electron charge either to the Al2O3 or the metal in the contact,
while Cs on metal/Cs/vacuum structure can only give its electron charge to
the host metal. Therefore, the formation of an electric dipole in metal/ Cs/
Al2O3 can be different from that in metal/Cs/vacuum.

The curve B in Fig. 4.1 shows the measured I-V characteristics of FM/
Al2O3/ Cs/ Si tunnel contacts, where the Cs is positioned in between the
Al2O3 insulator and Si instead of in between the metal and the insulator. This
curve appears less rectifying, and shows a low Schottky barrier height, 0.21
eV as deduced from the temperature dependence of the IV characteristics as
described in chapter 2, section 2.5.4 (see Fig. 2.15 as an example). In order to
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Figure 4.1. Typical I-V curves of three different samples from series A, B, and C. The
sample layouts are given in table 4.1. The nominal thickness of the Al2O3 insulator is
0.5 nm; the thickness of the Al2O3 insulator obtained from the TEM experiment is 1.5
nm (see chapter 2, Fig. 2.4; the oxidation time for Al2O3 was 7.5 min.) The thickness
of the Gd layer 3 nm, and the thickness of the Ni80Fe20 layer is 10 nm. The positive
voltage corresponds to the electron transport from metal to Si, and the negative voltage
to the electron transport from the Si to metal.

interpret this low Schottky barrier height, we have to understand the structure
and electrical properties of Cs at the Cs/Si interface. Cs may affect the Schot-
tky barrier height in two ways: Cs atoms adjacent to Si makes a change in the
formation of the surface dipole at the Si interface, or Cs can induce electronic
states in the band gap of Si[47, 89]. The surface dipole formed at Si surface
would make the work function of the Si lower, if the Cs donates its electron to
the Si, which increases the work function difference between the FM and Si.
Consequently, this would lead to the increase of the Schottky barrier height,
which is contrary of the lowering of the Schottky barrier height observed in
the Si/ Cs/ Al2O3 contact. Hence, the effect of Cs layer in the Si/ Cs/ Al2O3

contact is different from the influence of Cs layer in the metal/ Cs/ Al2O3 or
metal/ Cs/ vacuum. In order to investigate this further, we have performed a
series of measurements with various Gd thickness (series C) to be presented
below.

The tunnel contacts in series C consist of FM/ Gd (x nm)/ Al2O3/ Cs/ Si.
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The layer structure is the same as the contacts in the series B except the Gd
interlayer which is used to control the effective work function of the FM layer
as described in chapter 2. Curve C in Fig. 4.1 shows the I-V curve character-
istics of FM/ Gd (3.0 nm)/ Al2O3 (0.5 nm)/ Cs/ Si tunnel contacts. This curve
appears almost symmetric with a negligible Schottky barrier height. The I-V
characteristics of the contacts in series C depend on the barrier thickness as
well as the Gd thickness. Fig. 4.2(a) shows the influence of the Al2O3 barrier
thickness on the I-V characteristics, which indicates the decrease of the cur-
rent density with increasing the barrier thickness. This means that transport
is dominated by the tunneling through Al2O3. Surprisingly, however, we find
inverted diode characteristics—the current density in the reverse bias range is
higher than that in the forward bias range—in the FM/ Gd (3.0 nm)/ Al2O3/
Cs/ Si tunnel contacts with a thick Al2O3 barrier. We have investigated the
influence of the Gd thickness as shown in Fig. 4.2(b). The FM/ Gd (x nm)/
Al2O3 (2.0 nm)/ Cs/ Si tunnel contacts with no Gd layer and a thin Gd layer
(tGd . 0.5 nm) shows normal I-V characteristics, but the tunnel contacts with
a thick Gd layer (tGd & 0.7 nm) reveals an inverted diode characteristic.

In order to investigate the effect of the Cs deposition on the Schottky bar-
rier height, we have used the method as described in chapter 2, section 2.5.5;
we can determine the charge neutrality level and the surface density of the
gap states if we measure the Schottky barrier height versus the effective work
function of an FM electrode, using the relation between the effective work
function and Gd thickness (see Eq. 2.5 in chapter 2, section 2.5.5.). We have
measured the Schottky barrier height of the FM/ Gd (x nm)/ Al2O3 (2.0 nm)/
Cs/ Si tunnel contacts by varying the thickness of the low work-function Gd
interlayer. Fig. 4.3(a) shows the Schottky barrier heights of the tunnel con-
tacts plotted as a function of the effective work function of the FM/ Gd (x nm)
layer. From a linear fit using Eq. 2.3, we have obtained two coefficients for
the Cs-deposited Si: a = 0.172 and b = −0.175 (for the normal Si surface:
a = 0.426 and b = −1.321). Comparing this result with Eq. 2.1 and Eq. 2.2
in chapter 2, we obtain the surface density of gap states and the charge neu-
trality level; the surface density of gap states (Ds) = 1.2 × 1018 states/m2/eV
and the charge neutrality level (φCNL) = 1.0 eV (for the normal Si surface,
Ds = 4.5 × 1017 states/m2/eV and φCNL= 0.41 eV). Fig. 4.3(b) shows the
schematic energy diagram of the charge neutrality level located at ∼1.0 eV
above the valence band maximum. In this calculation, we assume the effect
of Cs on the electron affinity of Si is very small, which can be inferred from
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Figure 4.2. (a) I-V curves of Si/ Cs/ Al2O3 (0.5∼2.0 nm)/ Gd (3 nm)/ Ni80Fe20 (10
nm) /Au (10 nm) tunnel contacts with various Al2O3 thickness. (b) I-V curves of Si/
Cs/ Al2O3 (2.0 nm)/ Gd (0∼3 nm)/ Ni80Fe20 (10 nm) /Au (10 nm) tunnel contacts
with various Gd thickness. The thickness of the Al2O3 insulator obtained from the
TEM experiment is 2.0 nm (see Fig. 2.4 in chapter 2; the oxidation time for Al2O3

was 7.5 min.) The positive voltage corresponds to the electron transport from metal to
Si, and the negative voltage to the electron transport from the Si to metal.

the experiment with series A; we used an insulator thickness of 2.0 nm deter-
mined from TEM experiment.

From this result, we find that (i) the Cs deposition makes a huge change
in the charge neutrality level from 0.4 eV (Fig. 2.17 in chapter 2) to 1.0 eV;
(ii) the density of the gap states has been increased three times due to the pres-
ence of the Cs at the Si surface in the Si/ Cs/ Al2O3 (2.0 nm)/ FM contact. The
measured charge neutrality level is in good agreement with the alkali-metal-
induced interface states observed in the photoemission experiments in Ref.
[90]; they have shown that alkali metals like K or Cs deposited on Si surface
give rise to localized interfacial states at about 0.1 eV below the conduction
band minimum. As a consequence, the lowering of the Schottky barrier by
Cs deposition in Si/ Cs/ Al2O3 contacts is because the Cs affects the surface
density of the gap states and the charge neutrality level at the Si interface; and
the Fermi energy level in Si is strongly influenced by the alkali-metal-induced
interface states at ∼1.0 eV above the valence band edge.

The results described above present a very effective way to reduce the
Schottky barrier height in spin-tunnel contacts to Si and to obtain near zero
Schottky barrier height with an ultrathin (about 0.5 nm) low work-function
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Figure 4.3. The Schottky barrier height of Si/ Cs/ Al2O3 (2.0 nm)/ Gd (0∼3 nm)/
Ni80Fe20 (10 nm) /Au (10 nm) tunnel contacts as a function of the effective work
function of the metal layer as determined by the Gd thickness. The dashed line is a
linear fit using Eq. 2.3 to determined the density of gap states and the position of
the charge neutrality level. The positive voltage corresponds to the electron transport
from metal to Si (reverse bias), and the negative voltage to the electron transport from
the Si to metal (forward bias). (b) Schematic energy band diagram of a MIS contact
with Cs-deposited n-type Si.The charge neutrality level is depicted in red.

interlayer. Because the Fermi energy level is very close to the conduction
band edge, we are able to obtain a low Schottky barrier height even with high
work-function FM materials in FM/ Al2O3 (2.0 nm)/ Cs/ Si tunnel contacts.
These results are very useful to inject spin polarized carriers into Si, unless
the Cs deteriorates the spin information. With the Cs deposition on the Si
surface, a smaller Gd thickness is required to obtain the desired RA product
in comparison with normal Si surface, such that the TSP is expected to be
higher.

Figure 4.4(a) shows the temperature dependence of the I-V characteris-
tics of Si/ Cs/ Al2O3 (2.3 nm)/ Gd (0.8 nm)/ Ni80Fe20 (10 nm) / Au (10 nm).
In Fig. 4.4(a), the positive voltage corresponds to the electron transport from
metal to Si (reverse bias), and the negative voltage to the electron transport
from the Si to metal (forward bias). Surprisingly, the current level in the re-
verse bias remains the same with decreasing temperature, while the current
level in the forward bias decreases slightly. This is opposite to what we have
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Figure 4.4. (a) Temperature dependence of the I-V characteristic of a Si/Cs/Al2O3
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electron transport from the Si to metal. (b) Schematic energy band diagram of a MIS
contact with Cs-deposited n-type Si surface, which depicts an inverted band bending
near the contact and the presence of an accumulation layer at the n-type Si surface

observed in Si/ Al2O3/ FM contact with the normal Si surface (see Fig. 2.15
in chapter 2 as an example for comparison). This means that the polarity of
the diode has been reversed; the band bending at the interface of this contact
as depicted in Fig. 4.4(b) is also opposite to the conventional case (see Fig.
2.1 in chapter 2 as an example). If this band bending is large enough and the
Fermi energy level inside Si is close to the conduction band minimum, an ac-
cumulation layer might be developed at the surface. This opens a possibility
that one can realize a two-dimensional electron gas channel at the n-type Si.

4.4 Conclusions
We have presented a surprisingly effective way to control the RA product of
the FM/ Al2O3/ Si contacts using an alkali-metal (Cs)-covered Si surface. The
spin tunnel contacts to Si with an alkali-metal-coated n-type Si surface show
noticeably low Schottky barrier height. We find that the Cs deposition on Si
induces three times larger density of gap states, with a charge neutrality level
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very close to the conduction band edge of Si. Because of these gap states, the
Fermi energy level in Si is close to an alkali-metal-induced surface state level,
providing a low Schottky barrier height. By combining this new method with
the low work-function approach developed in the previous chapter, we can
control the RA product of spin tunnel contacts to Si over a wide range as well
as potential energy profile of spin tunnel contacts to Si. Cs deposition on the
Si surface represent an alternative method to engineer spin-tunnel contacts
to obtain the desired RA product of spin tunnel contacts with a smaller Gd
thickness in comparison with normal Si surface, such that the TSP is expected
to be higher.

Even more surprisingly, an inverted diode characteristic has been observed
in FM/ Gd/ Al2O3/ Cs/ Si contacts. This indicates an inverted band bending
near the contact and the presence of an accumulation layer at the n-type Si
surface. This suggests the formation of two-dimensional electron gas at the
n-type Si surface, which is useful to design new devices using the properties
of the two-dimensional electron gas.



Chapter 5
Magnetic properties of
nano-scale magnetic elements

This chapter is devoted to the magnetic properties of nano-scale magnetic
elements. Nano-scale magnetic elements are fabricated using laser interfer-
ence lithography (LIL) and lift-off technique, and their magnetic properties
are characterized using magnetometry and magnetic force microscopy. We
study the influence of the size and shape of the elements on their magnetic
configuration, and discuss the possibility to obtain almost uniform magneti-
zation in the magnetic elements. We investigate the magnetostatic interaction
among the magnetic elements that are densely packed at a length scale of 100
nm. The knowledge obtained from these studies can be applied to design the
source and drain contacts of the spin-MOSFET as well as to understand the
spin transport in the ferromagnetic element less than 100 nm in size, which is
also relevant for the spin-transfer torque devices.

5.1 Introduction and motivation
Nano-scale magnetic elements are of practical importance, because of the pos-
sible applications in patterned recording media, spin-transfer torque devices,
and MRAMs. It is indispensable to understand the magnetic switching and
magnetostatic coupling in arrays of magnetic elements for the applications.
For example, a higher switching field of the magnetic elements may imply
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more power consumption of the device, or the magnetic instability may result
in a loss of information.

The major aim of this chapter is to study the scaling behaviour of the nano-
scale magnetic elements and the magnetostatic interaction between them. The
magnetic properties of nano-scale magnetic elements is closely related with
the size and shape of the elements. As the size of the magnetic element de-
creases, the element shows different micro-magnetic behaviors from multi-
domain state to single domain state as shown in Fig 5.1. The magnetic ele-
ments with a few micron lateral dimensions show complex magnetic struc-
tures such as multi-domains and domain walls[91]. The magnetic dots with
intermediate size (100 nm ∼1 µm) have a less complex magnetic configu-
ration such as a vortex structure. In this range, the micromagnetic simula-
tion is a powerful tool to understand the magnetic behavior of the nano-scale
elements[92]. The magnetic elements smaller than 100 nm show much sim-
pler magnetic behavior such as flower state, c-state, and s-state, which fol-
lows roughly the classical Stoner-Wohlfarth model[93–96]. We shall investi-
gate the scaling behavior of magnetic properties of nano-scale elements. The
magnetostatic interaction between the magnetic elements is also one of our
concerns in the densely packed arrays.

Understanding magnetic properties of nanoscale magnetic elements and
the magnetostatic coupling in closely-packed nanoscale elements is also rele-
vant for the spin-MOSFET. It is very important to control the magnetic prop-
erties of the spin injector and detector of the spin-MOSFET, because the spin
information injected to Si is based on their magnetization. The magnetostatic
interaction among the magnetic elements that are densely packed at a length
scale of 100 nm is also related to design the distance between magnetic struc-
tures in a spin-MOSFET.

In order to characterize the magnetic properties of the nano-scale mag-
netic elements, we use two characterization tools, vibrating sample magne-
tometer (VSM) and magnetic force microscope (MFM). These two tools are
complementary each other. In order to study scaling behavior as well as
the magnetostatic interactions of magnetic elements, we need to measure the
magnetic moment of the element. The VSM measurement provides quanti-
tative, but averaged information of many identical elements. By contrast, the
MFM enables us to observe individual elements with high resolution and sen-
sitivity, but the information is qualitative.

The mainstream technology to produce nano-scale elements may be the
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Figure 5.1. Calculated phase diagram of various magnetic states of square nano-scale
elements[91]. The size and the magnetic anisotropy increase in log scale along the
arrow direction.

optical projection lithography using deep-ultraviolet (DUV) light sources,
high numerical aperture lenses, and step-and-repeat exposure tools[97]. For
laboratory experiments or prototype manufactures, the scanning electron beam
lithography provides high resolution and versatility to realize sub-100 nm
patterns with arbitrary shapes. Nevertheless, there are also alternative litho-
graphic techniques with special advantages; the interference lithography is
one of them. The interference lithography can be used to fabricate nano-
scale magnetic elements, if a large number of identical magnetic elements are
needed to characterize their properties using a magnetometer. Interference
lithography is a maskless technique suitable for fabricating two-dimensional
periodic arrays of the identical patterns over large area in a couple of expo-
sures [95, 98, 99]. We have used the interference lithography because this
allows a fast fabrication of the magnetic element array, but we may rely on
the optical projection lithography or the scanning electron beam lithography
for the real fabrication of the spin-MOSFET.

Section 4.2 describes the fabrication of nano-scale magnetic elements us-
ing laser interference lithography and lift-off technique. Section 4.3 describes
the characterization of the magnetic properties of various nano-scale magnetic
elements using VSM and MFM. We shall discuss the magnetic switching be-
havior of the structure as well as the magnetostatic interaction between the
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magnetic elements in the densely packed arrays. The measured results are
analyzed using micromagnetic simulations.

5.2 Fabrication of nano-scale magnetic elements

The fabrication of nano-scale magnetic elements involves lithography and
pattern transfer processes. In this section, we describe the basic principles of
laser interference lithography and the lift-off technique. Some examples such
as photoresist patterns and magnetic dot arrays fabricated by this process will
be presented at the end of this section.

5.2.1 Laser interference lithography using image reversal tech-
nique

Laser interference lithography is based on the interference of two coherent
light beams, as shown in Fig. 5.2, which constructs a sinusoidal standing wave
pattern of light on a substrate[95, 98–100]. The exposure of this interference
pattern produces line images (Fig. 5.3(a)) in the resist with a period of λ
/2sinθ , where λ is the wavelength of the light, and θ is the half angle of inter-
section of two laser beams. The change of the intersection angle allows us to
control the period of pattern over a wide range. Half wavelength of the light,
λ/2, is roughly the minimum period of the line pattern that can be attained by
the interference lithography. For instance, light beams with a wavelength of
266 nm with an incidence angle of 60◦ produce a line pattern with a period of
150 nm.

Two coherent beams are needed to conduct interference lithography.
Ref. [101] describes the details of the LIL system we have used. The laser
beam is generated from a Nd:YAG laser. The frequency of the laser beam
is doubled twice to obtain a DUV wavelength of 266 nm, and the beam is
collimated and expanded until it reaches a Lloyd mirror. On the substrate sur-
face, the laser beam—that directly comes from the source—interferes with
the other beam reflected at the mirror. We can control the period of the inter-
ference pattern by changing the angle between the substrate and the mirror.
Fig. 5.3(a) shows the interference pattern we can obtain on the substrate.

Two-dimensional patterns can also be obtained from a superposition of
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Figure 5.2. Simplified schematics of laser interference lithography[98]. λ is the wave-
length of the light, and θ is the half angle of intersection of two laser beams.

Figure 5.3. (a) Computed interference pattern with single exposure. (b) Computed
interference pattern obtained from a superposition of two successive exposures with
90◦ rotation of the substate

two successive exposures. After the first exposure of an interference pattern,
we rotate the substrate by an angle φ, and illuminate the interference pattern
again. The total intensity (I) of the exposure at a point (x, y) on the substrate
is given by

I = A sin2
(π

a
x
)

+ B sin2
(π

a
(x cosφ + y sinφ)

)
, (5.1)

where A and B are the intensity of the exposures, and a is the period of the
interference pattern. Usually, the intensity of the two exposures is the same
(A = B) to get symmetric image patterns. If the angle φ is 90◦, the image
defined by the contour line at the minima or maxima is circular (Fig. 5.3(b));
if 0◦ < φ < 90◦, the feature becomes an elliptical shape with various long-
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axis-to-short-axis ratios depending on the angle φ. The image contrast of
the interference pattern is defined as the modulation transfer function, MTF
= (Imax − Imin)/(Imax + Imin), where Imax (Imin) are the intensity at the
maxima (minima). It is important to choose a correct tonality of the resist
to obtain a higher image contrast, since the MTF is higher when the critical
features are imaged at the minima[99, 100]. Therefore, it is desirable to use
negative resists to form an array of holes, while positive resists is suitable for
forming an array of pillars. It has been shown that negative imaging on the
negative resist or the image reversal resist with laser interference lithography
is useful to fabricate the arrays of holes[99, 100, 102].

In this research, the image reversal technique is used to form hole arrays
instead of pillar or post arrays, because the formation of holes enables us to
use a lift-off technique to fabricate nano-patterns without any etching process.
The image reversal technique is an interesting and useful trick based on the
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reversal of resist tonality by a baking step after an exposure, so that it func-
tions as a negative resist[103]. This process provides attractive advantages
in a device fabrication. For example, this technique allows one to produce
a negative or an overhang wall profile which is desirable for a metal lift-off
process[103–105].

A conventional optical photoresist consists of three-components: a resin,
a photoactive compound, and a solvent[103–105]. Many high-resolution pos-
itive resists are based on a hydrophobic diazonaphoquinone sulfonate ester
inhibitor in a base-soluble Novolac resin matrix. In order to get the image re-
versal properties, another component is required such as a crosslinking agent.
The role of the agent is to induce a crosslinking of the resin, and thereby to
reduce the dissolution rate.

Figure 5.4 shows the dissolution rate of the photoresist during the image
reversal process[103–105]. Initially, the dissolution rate of the Novolac resin
is quite high (Step I). The diazonaphoquinone photoactive compound (DNQ
PAC: a sensitizer or an inhibitor) added to the Novolac resin (Step II) gives the
resist its developer resistance and radiation absorption properties, resulting in
a decreased dissolution rate. Exposure of light converts the properties of the
photoactive compound in the photoresist. The carboxylic acid formed dur-
ing exposure switches the resin from the hydrophobic to the hydrophilic, the
long chain of the resin changes to shorter chain with small molecular weight,
and the exposed resist shows a higher dissolution rate about several orders of
magnitude (Step III). In order to get the image reversal properties, a baking
step is required to activate the crosslinking agent, which induces a crosslink-
ing of the resin, and reduces the dissolution rate of the resist. The increased
molecular weight and hydrophobicity in the exposed regions lead to at least a
10-fold reduction in dissolution rate (Step IV), while the unexposed areas still
behave like a normal unexposed positive photoresist. The exact chemistries
associated with the image reversal step are described in the references[103–
105].

Photoresist profile usually has a positive slope of 75◦ ∼ 85◦ because the
light penetrating through the resist layer is attenuated by the absorption of
the photoactive compound[104]. This results in a higher exposure at the top
of the resist and a lower exposure at the bottom of the resist. When a pho-
toresist is processed in the image reversal mode, highly exposed areas in the
first exposure is cross-linked to a higher degree than those with lower dose in
the reversal bake step. As a consequence, the dissolution rate is higher at the
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bottom of the resist, and the dissolution rate is lower at the top of the resist.
The final result is negative wall profile ideally suited for lift-off process (See
Fig. 5.4(b)).

We have used TI series photoresists (Microchemicals GmbH)[106] which
contain a crosslink agent. The basic process steps of the image reversal tech-
nique are depicted in Fig. 5.4(b)[106].

(1) Spin coating and the soft bake of the photoresist.

(2) Exposure with an inverted pattern: a chemical change occurs in the
exposed area of the photoresist.

(3) Image reversal bake: the cross-linking of the Novolac resin takes
place in the exposed area in step 1.

(4) Flood exposure: a dissolution rate increases in the exposed area except
the cross-linked area.

(5) Development.

The pattern exposed to the light in the process step (2) and baked in pro-
cess step (3) remains at the end with a negative sidewall profile. The shape
of negative wall profile depends on the first exposure dose, the reversal bake
temperature and time, and the development time. Higher first exposure dose
results in a reduced under cut, so does higher reversal bake temperature or
time. Longer development time promotes an increased undercut.

5.2.2 Pattern transfer using lift-off process
The fabrication of nano-scale magnetic element involves pattern transfer pro-
cesses, which reproduce a real material structure using the features on the
photoresist with high fidelity. There are two different kinds of pattern transfer
processes, etching process and lift-off process[107].

Many nano-scale patterns are usually transferred using the etching tech-
nique. This process usually begins with a deposited thin film stack. The resist
pattern is formed by lithography to define an etch-mask on top of the film
stack, and the film stack is etched using this etch-mask. The major disad-
vantage of this approach is that a etch process, such as ion beam etching and
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Figure 5.5. Schematic diagram of the lift-off process. (a)the photoresist pattern after
the development, (b) the material pattern after deposition, and (c) the material pattern
after the lift-off.

reactive ion etching, can cause side effects such as edge damage, faceting,
trenches, and the side-wall redeposition[108].

For the lift-off technique (Fig. 5.5), the resist pattern is formed first, and
deposition of the thin film layer stack is followed. The real pattern is formed
by dissolving away the resist and then "lift-off" the unwanted material[107].
This technique also has the disadvantages; the deposited features with the
lift-off technique are in the shape of truncated cones with rounded edges be-
cause of the shadowing effect; the technique is limited to temperature below
200∼300 ◦C, at which point resist begins to degrade[107].

In this research, we have used the lift-off process to fabricate nanoscale-
elements. Figure 5.6 shows the resist patterns of circular holes with different
dimensions. We have varied the period of the interference pattern and the
exposure condition to control the hole size of the resist pattern. We are able
to fabricate resist holes with a diameter of 620 nm to 170 nm by varying the
period from 1000 nm to 300 nm.

The elliptical shape is useful to obtain the shape anisotropy of a magnetic
element. It is possible to fabricate an elliptical shape by LIL. For circular pat-
terns, we use 90◦ rotation from the first exposure to the second exposure. For
elliptical patterns, we can control the long-axis-to-short-axis ratio by chang-
ing the rotation angle between two exposures. Figure 5.7 shows the intensity
profile of the interference image pattern with different angle φ between the
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Figure 5.6. SEM images of the resist patterns with circular holes with different di-
mensions, Top row: top view, bottom row: side view.

45 deg. 30 deg. 15 deg.

a: 340 nm, b: 160 nm

a:b= 2.1:1

a: 490 nm, b: 160 nm

a:b= 3.1:1

a: 680 nm, b: 140 nm

a:b= 4.9:1

Figure 5.7. Top: calculated laser intensity pattern with different angles (45◦, 30◦,
and 15◦) between the first and second exposure). Bottom: SEM images of the resist
patterns with elliptical holes with different long-axis-to-short-axis ratios. The white
line in the SEM images is 0.5 µm length scale.
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Figure 5.8. (a) SEM image of a photoresist pattern produced by combining LIL and
image reversal technique. The shape of the PR has an overhang structure suitable for
a lift-off process. (b)AFM image of Co-dots fabricated using the above photoresist
pattern. The diameter of the Co dot is 500 nm and the thickness of the Co dots is 100
nm.

first and the second exposures. Using this light intensity profile, we have ob-
tained the photoresist patterns with a long-axis-to-short-axis ratio of 2:1, 3:1,
5:1 by using 45◦, 30◦, and 15◦ rotations respectively (Fig. 5.7). The length in
short axis direction is roughly 160 nm. The resist pattern with a 90◦ rotation
are in the square array, but the pattern with 0◦ < φ < 90◦ are in oblique array.

Figure 5.8(a) shows an SEM image of a photoresist pattern produced by
combining LIL and image reversal technique. This resist pattern is used as a
shadow mask for Co deposition. The shape of the photoresist has an overhang
structure suitable for the lift-off process. We have deposited Co by e-beam
evaporation though the resist mask to obtain Co dot arrays. Figure 5.8(b)
shows an AFM image of Co-dots fabricated using the above photoresist pat-
tern. The diameter of the Co dot is 500 nm, and the thickness of the Co dots
is 100 nm.

5.3 Characterization of nano-scale magnetic elements

In this section, we characterize the magnetic properties of the nano-scale ele-
ments fabricated by LIL and lift-off technique. We start from a circular pattern
with a diameter of 500 nm, and reduce the size of the circular pattern down
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to 150 nm. We analyze magnetostatic interactions between the magnetic el-
ements in the densely packed arrays. Nano-scale elements with an elliptical
shape are studied at the end.

5.3.1 Vortex structure in circular nano-scale elements

In order to characterize the magnetic properties of the circular Co-dots with
500 nm diameter (Fig. 5.8) described in the previous section, we have mea-
sured M -H hysteresis loops of the sample using VSM. By the benefit of the
LIL process, we are able to fabricate enough number of almost identical mag-
netic elements on the wafer to get a large signal in the VSM measurement.
Fig. 5.9 shows the measured M -H hysteresis loop with in-plane magnetic
field. The hysteresis loop didn’t show any in-plain anisotropy, and the out-of-
plane direction was found to be magnetic hard axis.The M-H hysteresis loop
measured by VSM (Fig. 5.9) displays the typical vortex characteristics.

When the magnetic field is applied to the ferromagnetic particle larger
than a few micrometers, and then the field is reduced, the single-domain state
is energetically unfavorable in remanent state because of the large self mag-
netostatic energy. In order to reduce this huge magnetostatic energy, ferro-
magnetic particles usually form multi-domain structures separated by domain
walls. The formation of the domain wall is associated with additional en-
ergies, the exchange energy and the anisotropy energy. As the size of the
magnetic elements decreases, this additional energy for the domain wall for-
mation becomes too large. For a nano-scale magnetic element such as the
circular dot with 500 nm diameter, the continuous variation of the magnetic
moment takes place inside the element instead of the formation of the do-
main walls. The magnetic moment in the nano-scale elements changes grad-
ually from one point to another to avoid free magnetic poles at the edges
and not to increase the exchange energy, showing a curling in-plane magnetic
configuration of the magnetic moment. This is known as a magnetic vortex
structure[91, 110, 111]. In the center of the elements, if the magnetic moment
remains in plane, the angle between adjacent magnetic moment becomes too
large to keep the exchange interaction minimum. The energetically stable
state is a magnetic structure of which the magnetic moment near the cen-
ter is perpendicular to the plane. This is known as the core of the vortex
structure[91, 110, 111].

We have investigated the magnetic structure of the Co-dots with 500 nm
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Figure 5.9. M -H hysteresis loops of the Co dot array with a diameter of 500 nm and
a thickness of 100 nm. The applied field direction is in-plane. Open circles are the
measured data using VSM. The solid line is the simulated result for the comparison.

diameter using MFM. The MFM uses a magnetic tip with a magnetic dipole
moment formed at the end of the cantilever[109]. The force on the magnetized
tip is detected by measuring the displacement of the end of the cantilever or its
mechanical resonance frequency, which is determined by the spring constant
of the cantilever and the vertical component of the force gradient. If there
is a stray field from a magnetic sample, the resonant peak of the cantilever
shifts. In the MFM, the shift of the resonant peak in the frequency domain is
measured, as the tip scans a sample surface.

Figure 5.10 shows the magnetic structure of four Co dots in remanent
state. The color code represents the frequency shift of the MFM resonance
peak which implies a magnetic interaction between the MFM and the sample.
The red color indicates that the MFM tip detects an attractive interaction, and
the purple color indicates that the tip detects a repulsive interaction. We can
clearly observe the vortex core structure at the center of the circular dots in
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Figure 5.10. MFM image of Co-dots with a diameter of 500 nm and a thickness of
100 nm. The color code indicates the frequency shift of the MFM resonance peak
explained in the text.

Fig. 5.10. The magnetization direction at the center of two upper dots is op-
posite to the magnetization of the tip; by contrast, the magnetization direction
at the center of the bottom two dots is the same as the magnetization of the
tip. We believe that the small color variation inside the dot is owing to the in-
homogeneity of the vertical component of the magnetization originated from
the shape of the dot that is slightly different from a perfect circle.

We have conducted a micro-magnetic simulation using the OOMMF
code [112] to compare the measured VSM result with the simulation and to
understand the behavior of the magnetic vortex structure in a magnetic field.
In this simulation, we treat the Co dot as a perfect disc with a diameter of 500
nm and a thickness of 100 nm without any defects and without any in-plane
or out-of-plane magnetic anisotropy. The bulk magnetization value of cobalt
is 1.4 × 106 A/m, and the exchange stiffness of Co is 3 × 10−11 J/m, which
are provided by the OOMMF code[112]. The length of the cubic cell is 5
nm in the computation, which is almost similar to the exchange length of Co
(4.9 nm). As shown in the Fig. 5.9, the M -H hysteresis loop computed by
this simulation is in good agreement with that of the measured experimental
result. Fig. 5.11 shows three circles which correspond to the magnetic struc-
tures of the top, center, and bottom slices of the Co disc, respectively. In these
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Figure 5.11. Micromagnetic simulation of a Co-dot with a diameter of 500 nm and a
thickness of 100 nm at five different points, a-e, in the M -H hysteresis loop (Fig. 5.9).
Three circles at each point correspond to the magnetic structures of the top, center, and
bottom slices of the Co disc, respectively. The arrows represent the direction of the
magnetic moment in the xy plane, and the gray scale represents the vertical component
of the magnetic moment.

figures, the arrows indicates the direction of the magnetic moment in the xy
plane, and the gray scale represents the perpendicular (z) component of the
magnetic moment. Initially, at the very high in-plane magnetic field (point a),
the magnetization is saturated in plus x-direction. As we decrease the field,
the vortex is nucleated to reduce the magnetostatic energy at some point, and
it moves to the center of the dots (point b). At the remanent state, the vortex is
located at the center of the circle (point c). As we increase the in-plane mag-
netic field further in the negative direction, then the vortex moves to the other
side of the circle (point d), and the vortex annihilates at some point (point e)
to form a uniform magnetization in the entire element.
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Figure 5.12. Vertical component of the magnetization of the 500-nm Co dot in the
vortex state obtained from the simulation. The size of the core at the top surface and
in the middle of the dot are shown. The result for the bottom surface of the dot is
similar to that of the top surface.

The size of the vortex core can be defined as the full-width at the half
maximum of the vertical component of the magnetization. Fig. 5.12 depicts
the vertical component of the magnetization of the 500-nm Co dot in the vor-
tex state obtained from the simulation. The size of the vortex core at the
surface (22 nm) is smaller than the size of the vortex core at the vertical cen-
ter of the Co disc (50 nm), which is also in good agreement with the theo-
retical expectation[91]. This magnetic vortex core structure can be used to
determine the spatial resolution of the magnetic microscopy techniques such
as spin-polarized scanning tunneling microscopy[111] and ballistic electron
magnetic microscopy[113].

5.3.2 Inter-dot magnetic coupling in densely packed arrays
When the length scale of a magnetic element is reduced to a critical size, the
expense of the exchange energy exceeds that of the magnetostatic self energy
in a multi-domain or a vortex structure. Below this critical size, the magnetic
element prefers to have a uniform magnetic moment or a single domain in
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the entire element. A true single domain structure— which follows the clas-
sical Stoner-Wohlfarth model[93]—can be obtained only with the ellipsoid
geometry. Nevertheless, it is known that the magnetic elements smaller than
100 nm reveals relatively simpler magnetic behavior close to a single domain
particle such as flower state, c-state, and s-state, depending on the anisotropy
energy[91, 94–96].

We have fabricated the circular magnetic Co dot array with 300 nm
period. Fig. 5.13(a) shows the SEM image of the photoresist pattern, and
Fig. 5.13(b) shows the SEM image of the deposited Co dots after the lift-off.
The average diameter of Co dots is about 170 nm, and their thickness is 15
nm. We have measured the magnetization loop of the circular magnetic dot ar-
ray with varying the in-plane magnetic field orientation in plane. Fig. 5.13(c)
depicts the angle convention of the applied in-plane magnetic field in the mea-
surement with respect to the array direction. Fig. 5.14 shows the magnetiza-
tion loops of the circular magnetic dot array at four different angles, which
reveal definitely non-vortex behavior with high coercivity. We find that this
array shows in-plane four-fold anisotropy; the 45◦ and 135◦ direction are the
magnetically easy directions in comparison with 0◦ and 90◦ direction. If we
disregard this fourfold anisotropy, the shape of this hysteresis curve looks like
the magnetization curve of single domain particles whose easy axes are dis-
tributed at random orientation as presented in the classical literature[93].

We have measured the M -H hysteresis curves with varying the in-
plane magnetic field angle in smaller angular steps, and obtained polar plots
of the squareness versus the field angle (Fig. 5.15(a))—where the square-
ness is defined by the ratio of the remanent magnetization to the saturation
magnetization—and the coercivity versus the field angle (Fig. 5.15(b)). Both
curves clearly show that the Co dot array has four-fold in-plane anisotropy
with which magnetic easy axes are parallel to the diagonal direction of the ar-
ray. In order to understand the origin of this fourfold in-plane anisotropy, we
have measured M -H hysteresis loop of un-patterned film using VSM. These
results are shown in Fig. 5.15 for the comparison. The un-patterned film has
a uniaxial anisotropy induced during the growth of which magnetic easy axis
is roughly 150◦. This is a typical morphology-induced magnetic anisotropy
that is known to be occur in the magnetic film evaporated from an oblique
angle.[114, 115]. The coercivity of the unpatterned film is less than 2 kA/m,
which is much smaller than the coercivity of the Co dot array (40 kA/m).
Therefore, the growth-induced anisotropy of the unpatterned film cannot ex-
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Figure 5.13. (a) SEM image of the photoresist pattern with circular holes, and (b)
SEM image of the deposited Co dots after the lift-off. The average diameter of Co
dots is about 170 nm, and their thickness is 15 nm. (c) the angle convention of the
applied magnetic field with respect to the array direction.
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Figure 5.14. Magnetization loops of the circular magnetic dot array at four different
angles. The applied field direction is in-plane. The angle convention of the in-plane
applied magnetic field is shown in Fig. 5.13(c)
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Figure 5.15. Polar plots of (a) the squareness of circular Co dots versus the field
angle. (b) the coercivity of circular Co dots versus the field angle. Blue curves are the
data for the un-patterned film. Please note the coercivity of the un-patterned film is
less than 2 kA/m.

plain the four-fold in-plane anisotropy observed in the dot array.
When the dots in square array are completely magnetized in the external

field direction, the magnetic dipoles in the completely magnetized dots make
an inter-dot stray field in the direction of the magnetic moment of the dots.
The magnetic stray field in other direction cancels out owing to the square
array symmetry. The strength of the field (B) is determined by

B =
µ0

4π

−→m
a3
· 1

2

∞∑

j,k=−∞
(j,k) 6=(0,0)

1

(j2 + k2)3/2
=

µ0

4π

−→m
a3
· 4.51672, (5.2)

where µ0 is the permeability,−→m is the magnetic moment of the individual dot,
a is the period of the array pattern, and (j, k) are the integers. The strength of
the field converges slowly as we add the contribution from the neighbors. The
obtained result in Eq. 5.2 is similar to the results reported in Ref. [116], but
we believe our value is more accurate, because we have added contribution
not only from nearest neighbors but also from the square cells up to 30,000
cells. This strength of the inter-dot field in the Co dot array is quite substan-
tial, ∼6.4 kA/m, but this field is always in the same direction of the applied
magnetic field. Therefore, this isotropic magnetic field cannot explain the
fourfold in-plane anisotropy we have observed.

Other researchers have also observed the similar four-fold in-plane anisotropy
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Figure 5.16. Micromagnetic simulations with nine Co dots in remanent state. In this
simulation, the saturation in-plane magnetic field is applied to the parallel to the array
axis, and then the field is reduced to zero. The arrows indicates the direction of the
magnetic moments.

in square magnetic dots arrays [117–119] and six-fold in-plane anisotropy in
the hexagonal array[120]. However, our results differ from their results in that
our magnetization loop is similar to that of a single-domain structure, while
their magnetization loops show vortex characteristics. Mathieu et al. [117]
have found that the four-fold in-plane anisotropy in the square array is de-
creased as the magnetization increases [117]. This suggests that this four-fold
in-plane anisotropy is closely related with the magnetic configuration of the
dots in the unsaturated state. We have conducted micromagnetic simulations
with nine Co dots in square array. Fig. 5.16 shows the result of the micromag-
netic simulation with nine Co dots in remanent state. In this simulation, the
saturation in-plane magnetic field is applied parallel to the array axis, and then
the field is reduced to zero. We find that, at remanent state, the individual Co
dots have almost uniform magnetic moment inside the dot, but the magnetic
moments of each dot point toward different directions. Each Co dot prefers
the magnetic moment direction parallel to the diagonal direction of the array.
This configuration forms a global flux closure structure among the nearest
neighbor dots, which is similar to the ground state of the square array of 4
single spins[121]. Heyderman et al. [122] have reported similar simulation
results in a square arrays of circular dots with a smaller size, 50 nm. From
this result, we understand that this four-fold in-plane anisotropy is originated
from the inter-dot magnetic interaction from the neighbors in the square array
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Figure 5.17. (a) SEM image of the photoresist pattern with elliptical holes, and (b)
SEM image of the deposited elliptical Co dots after the lift-off. The long axis length
of the Co dots is 340 nm, its short axis length is 160 nm, and its thickness is 15 nm. (c)
the angle convention of the applied magnetic field with respect to the array direction.
The magnetic easy axis direction is 22.5 ◦.
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Figure 5.18. Magnetization loops of the elliptical Co dot array at four different angles.
The applied field direction is in-plane. The angle convention of the in-plane applied
magnetic field is shown in Fig. 5.13(c).



102 Magnetic properties of nano-scale magnetic elements

0.0

0.2

0.4

0.6

0.8

1.0

0

45

90

135

180

225

270

315

0.0

0.2

0.4

0.6

0.8

1.0

(a)

S
q

u
a

re
n

e
s
s
 (

M
r/M

s
)

0

10

20

30

40

0

45

90

135

180

225

270

315

0

10

20

30

40

(b)

 C
o

e
rc

iv
it
y
 (

k
A

/m
)

Figure 5.19. Polar plots of (a) the squareness of elliptical Co dots versus the field
angle. (b) the coercivity of elliptical Co dots versus the field angle.

in unsaturated state.
We have fabricated elliptical magnetic Co dot arrays with 300 nm period

as shown in Fig. 5.17. The long axis length of the Co dots is 340 nm, its short
axis length is 160 nm, and its thickness is 15 nm. Figure 5.17(c) depicts the
angle convention of the applied in-plane magnetic field in the measurement
with respect to the array direction. We measured the magnetization loop of
the elliptical magnetic dots with varying the in-plane magnetic field orienta-
tion. Figure 5.18 shows the magnetization loop of the elliptical magnetic dot
array at four different angles including the magnetic easy axis and the mag-
netic hard axis in plane. The magnetic easy axis direction is 22.5◦, and the
magnetic hard axis is 112.5◦. The size of this elliptical element is too large
to behave like a single domain particle. Nevertheless, these curve are very
similar to the magnetization loop of a single domain structure with a uniaxial
anisotropy[93], of which easy axis coincides with geometrical long axis di-
rection of the elliptical structure.

We have measured the hysteresis curves with varying the in-plane mag-
netic field angle, and obtained the polar plots of the squareness versus the field
angle (Fig. 5.19(a)) and the coercivity versus the field angle (Fig. 5.19(b)).
These measurements confirm the uniaxial shape anisotropy of the elliptical
particle, except the increase of the coercivity at 112.5◦ and 292.5◦. This
direction coincides with the position of the nearest neighbors. As we have
studied in the circular dot array, we believe that this configurational in-plane
anisotropy is originated from the magnetic coupling among nearest neighbors
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in unsaturated state. From the analysis of the elliptical magnetic element,
we find that the elliptical shape with long-axis-to-short-axis ration of 2:1 is
enough to get a uniaxial in-plane anisotropy, but we have to take into consid-
eration the magnetostatic interaction from the nearest neighbors in the densely
packed arrays.

5.4 Conclusions
In summary, we have studied the magnetic properties of nano-scale magnet ar-
rays to understand the scaling behaviour of their magnetic configurations and
the magnetostatic interaction between them. We have fabricated nano-scale
magnetic elements using laser interference lithography (LIL) and lift-off tech-
nique, and characterized the magnetic properties of the nano-scale magnetic
elements using magnetometry and magnetic force microscopy. The magnetic
configuration of the nano-scale elements is closely related with the size and
shape of the elements. Circular dots with 500-nm diameter show a vortex
structure with a clear vortex core observed by magnetic force microscopy.
The behavior of the vortex structure in magnetic field has been studied by
magnetometry, which is in good agreement with micromagnetic simulations.
We also find that magnetic elements with 150 nm dimensions seem to have a
simple magnetic structure except a configurational anisotropic magnetic cou-
pling between the magnetic elements. This configurational anisotropic mag-
netic coupling plays an important role in the densely packed arrays.

We conclude that the magnetic structure with a vortex configuration is
not suitable to obtain uniform magnetization in the magnetic element; an el-
liptical shape with large shape anisotropy is a proper geometry; the distance
between the magnetic elements should be far enough to neglect the magne-
tostatic interaction among the adjacent magnetic materials. The knowledge
obtained from these studies can be applied to obtain a uniform magnetization
in magnetic elements, for example, the source and drain contacts of the spin-
MOSFET as well as to control the switching of their magnetic moments.





Chapter 6
Prospects for Si-based spintronic
devices

The realization of Si-based spintronic devices relies on the proper contacts
between the ferromagnetic source/drain and the semiconductor. This chapter
first describes that the spin-tunnel contacts with low-work-function ferromag-
net (FM) interlayers satisfy three requirements for the source/drain contacts
of the Si-based spin MOSFET, namely, suitable resistance-area (RA) product
(chapter 2 and 4), high tunnel-spin polarization (chapter 3), and controlled
magnetic switching (chapter 5). Using the results obtained in the previous
chapters, we show that the spin-tunnel contacts can be integrated into a full
device with a Si channel with two FM contacts for the magnetoresistance
(MR) observation. We discuss the device-related issues—the design of the
source/drain contacts and suitable geometries (lateral and vertical) for the MR
observation—to realize the electrical spin injection and detection in Si. We
also describe spurious signals owing to the effect of stray magnetic field on
the current in the Si channel, and discuss their consequences for the MR ob-
servation.

6.1 Introduction and motivation
The main objective of the thesis is to investigate the issues for developing Si-
based spintronic devices, such as the Si-based spin-MOSFET, and to provide
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the solutions towards a realization of such devices. One of the main functions
of the Si-based spin-MOSFET is that the channel conductance is modulated
by the relative alignment of the source and drain magnetization. As a con-
sequence, the demonstration of MR in a Si channel with two ferromagnetic
contacts is essential to realize such device. In this section 6.1, we first briefly
summarize the main results of the previous chapters. Based on this, we will,
in section 6.2, discuss the prospects for Si-based spintronic devices.

In chapter 1, it has been shown that the requirements for the electrical
spin injection in semiconductor are different from the requirements for the
two-terminal MR observation in the spin-MOSFET structures. Three require-
ments for the proper source and drain contacts are introduced: namely, suit-
able resistance-area (RA) product, high tunnel spin polarization (TSP), the
controlled magnetic switching, which have been accomplished though the re-
searches in the following chapters.

In chapter 2, we have described how to develop FM/I/Si contacts that
satisfy the requirements for the suitable source and drain electrodes of the
Si spin-MOSFET structure. It has been explained that the Schottky barrier
formation in FM/I/Si contacts gives rise to major obstacles for the MR ob-
servation in a Si spin-MOSFET structure. The RA product of the FM/I/Si
contact—which comprises standard FM (Co or Ni80Fe20) and Al2O3 insulator—
has been investigated to find out whether these contacts qualify as conductivity-
matched source and drain electrodes. It turns out that the RA product of these
contacts are many orders of magnitude higher than the optimum values for
the observation of MR in a Si spin-MOSFET, because of the Schottky bar-
rier formation. From these results, we conclude that the MR observation in
a Si spin-MOSFET is not possible with standard FM contacts and the con-
ventional method of adjusting the tunnel barrier thickness to control the tun-
nel conductance. A breakthrough to this problem has been presented, which
uses a radically different approach for spin-tunnelling resistance control, in-
troducing a low work-function ferromagnet inserted at the FM/tunnel barrier
interface. It has been demonstrated that the insertion of a low work-function
Gd interlayer in the FM/I/Si contacts provides remarkable tunability of the
Schottky barrier height to Si and thereby the RA product of the contact over
eight orders of magnitude. A very small Schottky barrier height with an ul-
trathin interlayer secures the optimum RA product for the observation of MR
in a Si spin-MOSFET. We have also characterized the structural and chemical
properties of FM/ Gd/ I/ Si contacts.
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In chapter 3, it has been demonstrated that the spin tunnel contacts with a
low work-function ferromagnet injects carriers with reasonably high TSP into
the other electrode through a tunnel barrier. This was concluded from TMR
measurements on a series of MTJs with this type of spin tunnel contacts as
an electrode. It has been shown that MTJs with a low work-function ferro-
magnet provides a reasonably high value of TMR with clear magnetization
switching. We have obtained the TSP of the spin tunnel contacts from the
measured TMR values, and investigated the TSP as a function of thickness
of the low work-function interlayer at different temperatures. We find that
the TSP of tunnel contacts with a low work-function ferromagnet depends
on many parameters: ferromagnet elements, alloy composition, the strength
and the sign of magnetic coupling, voltage bias, and temperature. It has been
demonstrated that the spin tunnel contacts with low work-function ferromag-
net have a reasonably high TSP, satisfying the second requirements of the
source and drain contacts to realize the Si-based spin MOSFET.

In chapter 4, we have presented another method to control the RA product
of the FM/I/Si contact and to reduce the Schottky barrier height, namely, by
engineering the Si surface with Cs. The properties of the Cs-coated Si sur-
face has been investigated by determining the density of the gap states and
the charge neutrality level of FM/I/Si contacts with the Cs-coated Si surface,
which are compared to those with the normal Si surface. It has been shown
that (i) the Cs-coating of Si results in a change of the charge neutrality level,
which becomes located at about 0.1 eV below the conduction band minimum,
and (ii) the density of the gap states has been increased owing to the presence
of the Cs. As a result, the Schottky barrier height is greatly reduced for all
FM materials of the contact, although some tunability using the contact metal
work function is still preserved. It turns out that Cs-coated Si provides a very
low Schottky barrier height even with very thin Gd layer. We have found in-
dications of two-dimensional electron gas at the n-type Si surface, using the
Cs-coated Si in FM/I/Si tunnel contacts.

In chapter 5, the magnetic properties of nano-scale magnetic elements
have been studied. From the characterization of their magnetic properties, we
have shown that the magnetic configuration of nano-scale magnetic elements
is closely related with the size and shape of the elements as well as the magne-
tostatic interaction among the magnetic elements that are densely packed at a
length scale of 100 nm. We have established criteria to obtain almost uniform
magnetization in such nano-scale magnetic elements.
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Now that the properties of the FM/I/Si contacts are known, using the re-
sults from chapter 1 to chapter 4, we are ready to discuss the prospects for the
electrical spin injection and detection in Si. Section 6.2 is devoted to discuss
the possibility of the MR observation in Si-based spin-MOSFET, when the
spin-tunnel contacts, developed in the previous chapters, are integrated into
a full device with a Si channel with two FM contacts. We shall discuss the
device-related issues, the design of the source/drain contacts as well as suit-
able device configurations including lateral and vertical geometries for the
MR observation. Section 6.3 discusses spurious signals due to the effect of
stray magnetic field on the current in the Si channel.

6.2 Towards electrical spin injection and detection in
Si

In order to demonstrate spin-polarized transport in a Si channel between a
FM sources and drain, we need to observe magnetoresistance (MR) signal in
those structures. We set aside a gate-voltage control of the conductance of the
Si channel. We first focus on the design of the contact, and describe vertical
and lateral device configurations.

6.2.1 Prospects for MR observation in Si spin-MOSFET
In this section, we combine the measured RA product of the Ni80Fe20/ Gd/
Al2O3/ Si contacts with a low work-function Gd interlayer in chapter 2 and
their measured TSP in chapter 3 to show that this type of tunnel contact satis-
fies the requirements for the suitable source and drain contacts of a Si-based
spin MOSFET. This discussion is based on the model with flat band approxi-
mation in diffusive regime[16, 27], which neglects the potential energy land-
scape as described in chapter 1. This choice will be justified by designing the
contact so that it can provide almost zero Schottky barrier height. The results
in Fig. 2.14 (chapter 2) and Fig. 3.4 (chapter 3) are combined to give the
range over which the RA product of the tunnel contact with the Gd/Ni80Fe20

bilayer can be tuned while simultaneously maintaining a reasonable TSP. For
instance, if we choose a minimum TSP of 10 %, then the thickness of the Gd
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Figure 6.1. Optimum resistance-area product of tunnel contacts for a Si spin-
MOSFET. Colour lines depict the calculated MR of FM/I/Si/I/FM spin-MOSFET
structures as a function of the RA product of FM/I/Si tunnel contacts for given spin
lifetimes in the Si (τs). Hatched areas at the top of the graph show the ranges of RA
product of Ni80Fe20/ Gd/ Al2O3 tunnel contacts over which the TSP is larger than
10% at 100 K, 200 K, and 300 K, respectively.

interlayer can be varied from 0 up to 2.0 nm at 100 K, to 0.8 nm at 200 K,
and to 0.4 nm at 300 K. This means that the RA product can be tuned down
to 10−7, to 10−7, and to 10−3 Ωm2 at 100, 200, and 300 K, respectively. In
Fig. 6.1, the range of RA product of tunnel contacts over which the TSP is
larger than 10% is compared to the RA product required to obtain MR in a
spin-MOSFET for different values of the spin lifetime τs in the Si.

The optimum RA product for conductivity matching to Si depends on τs,
which is a function of temperature and the dopant density of Si. While a τs

of 7 ns in Si has been measured by electron spin resonance [3], it is unclear
whether this is straightforwardly relevant for electrical transport in Si. Con-
sidering the fact that the τs in n-type GaAs (nd= 1022 m−3) exceeds 100 ns
at 5 K and 1 ns at 100 K[35], a longer spin lifetime may be expected for n-
type Si. Nevertheless, given the uncertainty in τs, the MR of the FM/ I/ Si/
I/ FM structure versus the RA product of the FM/I/Si contact has been cal-
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culated for different τs values for a Si dopant density of 1021 m−3 (Fig. 6.1),
and compared to the RA ranges of the FM/I/Si contacts obtained with low
work function FM Gd. Figure 6.1 clearly shows that the observation of MR in
a Si spin-MOSFET is not possible with conventional FM contacts (RA =102

Ωm2 at room temperature) unless the τs in Si is more than a second. By con-
trast, the spin-tunnel contacts with low work-function FM allows one to tune
the RA product to the range in which a MR should be observable even for
sub-nanosecond τs in Si. Hence, spin-tunnel contacts with low work-function
ferromagnets raise prospects for spin injection into Si and for the realization
of the Si spin-MOSFET. It should be noted that a τs of ∼1 ms is required to
obtain room-temperature operation. However, the situation is improved when
the Cs-coated tunnel contact, Si/ Cs/ Al2O3/ Gd/ Ni80Fe20, is used. Because
thinner Gd layer (∼0.5 nm) is enough to obtain a lower RA product with a
high TSP at 300 K, the ranges of RA product of tunnel contacts—over which
the TSP is larger than 10% at 300 K—can be expanded to 10−8 Ωm2. As a
consequence, a τs of ∼1 ns is enough to secure the room-temperature opera-
tion of the spin-MOSFET.

6.2.2 Design of the source and drain contacts

We have described, in chapter 2 and 4, the layer stack of the source and drain
contacts based on Si/ Al2O3/ Gd/ Ni80Fe20 or Si/ Cs/ Al2O3/ Gd/ Ni80Fe20.
For the fabrication of a Si channel with the source and drain contacts (FM/
I/ Si/ I/ FM structure), we need to consider the specifications of the contacts,
such as the thickness of a low work-function interlayer as well as the length,
the resistivity, and the dopant density of the Si channel to obtain the desired
characteristics.

The channel conductance of Si and the spin lifetime of electrons in Si
determine the suitable resistance-area (RA) product of the source and drain
contacts. We have selected a low-doped n-type Si channel with the dopant
density of 1021 m−3 (ρN = 4.5× 10−2 Ωm), considering that the spin lifetime
of electrons in a semiconductor is reduced at higher dopant density[35]. If the
spin relaxation time (τs) of 7 ns and the Si channel length (tN ) of 100 nm are
used as discussed from the previous section, the optimum range for RA prod-
uct of the source and drain contact would then be in between 4.5× 10−8 Ωm2

and 5.7×10−6 Ωm2 at room temperature given by Eq. 1.2. We expect a longer
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spin lifetime of electrons at lower temperature. The lower limit (ρN tN ) of the
window for the optimum MR depends on temperature via the resistivity of
Si. The resistivity of Si with the dopant concentration of 1021 m−3 doesn’t
change drastically from room temperature to 100 K, but it changes drastically
below 100 K as will be shown in section 5.3. Both the lower limit (ρN tN ) and
the upper limit (ρN(lNsf )

2/tN ) move up with decreasing temperature due to the
increase of ρN , but the increase of the upper limit is enhanced by the increase
of τs (and thus lNsf ) at low temperature; hence, the optimum window for the
MR observation becomes wider at low temperature.

Apart from the effect on the RA product of the contacts, a high Schottky
barrier height of 0.5 eV also influences adversely the transformation of the
spin accumulation (typically, 1 µV∼ 1 meV) at the Fermi energy level of Si
to an electrical signal in two terminal measurement. It is also known that the
electric field protracts the spin diffusion length along the field direction, but
it retracts the spin diffusion length against the field direction [37]. In order
to avoid these effects, a flat band condition is desirable. Using the results in
chapter 2 and 4, we select the thickness of Gd layer of the contacts which
gives rise to a negligible Schottky barrier height, for example, 0.8 nm for
nonrmal Si and 0.5 nm for Cs-coated Si. This Gd thickness also provides the
optimum value of the RA product of the source and drain contacts.

The maximum tunnel spin polarization (P) at room temperature is ∼5%
for 0.8 nm Gd interlayer, and ∼8% with 0.5 nm Gd interlayer. If we sacri-
fice the room temperature operation of the device, this can be improved to
∼20% with 0.8 nm Gd interlayer and ∼25% with 0.5 nm Gd interlayer at
100 K. The maximum MR of a symmetric FM/I/Si/I/FM structure is given by
P 2/(1−P 2). Thus the expected MR is about 0.3∼0.6% at room temperature
and about 4∼7% at 100 K. Obviously this can be improved by further engi-
neering of the TSP of such contacts.

It is desirable to use a source or drain contact that can guarantee almost
uniform magnetization (width < 150 nm). If we used a source or drain contact
larger than this size, the TSP of injected electrons would be an averaged value
over the area. Consequently, it is recommended to avoid a contact geome-
try that may results in vortex configuration. It is important to select a proper
geometry of the device to observe the MR. We shall describe two possible
approaches—a vertical geometry and a lateral geometry—in the following
sections, and discuss their advantages and disadvantages.
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6.2.3 Vertical geometry

The discussion of the MR of the FM/I/Si/I/FM structure has so far been based
on the one-dimensional model of the diffusive electron transport with a flat
band assumption as described in chapter 1. A vertical geometry seems to be
a natural choice, since it is very close to this one-dimensional model system.

The epitaxial growth of a Si layer on a metallic electrode is not a real-
istic way to fabricate a vertical geometry because of its practical difficul-
ties. Instead, there are two possible methods to realize a vertical geometry
of FM/I/Si/I/FM structure we have considered: one is to use a metal bonding
technique as used in the fabrication of the spin-valve transistors, and the other
is to use a Si membrane structure. We have selected a Si membrane-based
structure.

Figure 6.2 depicts a schematic diagram of the membrane structure that we
have designed and fabricated. We have used a backside etching of a silicon-
on-insulator (SOI) wafer to form a Si membrane. The backside etching stops
at the buried oxide layer, and the device layer thickness of the SOI wafer
determines the Si channel length. The details of the membrane fabrication
process are described in the appendix. Figure 6.3 shows an SEM image of
the fabricated membrane structure. The contact area on both the front side
and backside of the membrane is protected by a 40 nm dry-oxide layer before
the thin film deposition. After removing these sacrificial oxide layers on the
membrane, proper multilayer stacks are deposited consecutively both on the
front side and on the backside of the membrane for the spin tunnel contact
formation. This deposition process is basically the same as the process for the
MIS contact fabrication in chapter 2.

The use of a Si membrane has many advantages. First, it is possible to
control the Si channel length accurately down to 200 nm by fabricating a thin
Si membrane. Second, one can deposit different film stacks for the source
and drain electrode, which is very useful to control the RA product and the
magnetization of each electrode independently. Third, there is no limit in the
lateral size of the source and drain contact, which guarantees a large current
signal with an averaged spin-polarization of electrons from a continuous film.
The Si membrane approach also has possible disadvantages. For example, a
mechanical defect like warpage of the membrane might deteriorate the qual-
ity of the tunnel barrier. There is a possibility that the resistance of the Si
channel can be affected by the ordinary (Lorentz) magneto-resistance of the
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Figure 6.2. A schematic diagram of a vertical geometry for two-terminal MR ob-
servation. The Si channel length (L) is determined by the thickness of the device Si
layer. The contact area defined by the grown oxide determines the width (W ) of the
Si channel.

Si channel itself as discussed in the next section.
We need a careful attention to design the fabrication process of the mem-

brane to avoid any possible imperfection. For example, Fig. 6.3 (b) and (c)
show the difference between two membrane structures at the edges of the
backside. The edge undercut in the buried oxide (BOX) in Fig. 6.3(b) may
give rises to a shadow effect during the metal contact layer deposition by e-
beam evaporation process, which leaves undeposited area on the backside Si
contact. In order to avoid the adverse effect from the edge undercut, we have
conducted an additional Si etching step in between two buried oxide removal
steps, which results in a well-defined edge between the Si surface and the
BOX layer shown on the Fig. 6.3(c). In this case, the small undercut is lo-
cated in between the half etched BOX layer and the completely etched BOX
layer, which can be easily covered afterwards by a deposition method with
better coverage like a sputtering process.

In an ideal case, the size and shape of the front side contact is exactly the
same as the backside contact, and the alignment of the front side contact to
backside is perfect. As this may not always be the case, we used a semicon-
ductor device simulator (ATLAS, Silvaco international) to conduct a simple
simulation of the electric field profile inside the Si membrane. In this simula-
tion, the front side circular contact has a diameter of 4 µm and the backside
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Figure 6.3. SEM images of the (a) membrane structure. Schematics and SEM images
of (b) membrane with undercut (c) membrane without undercut.
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Figure 6.4. (a) Schematic device geometry used in the simulation. Please note that
the cross section of the half of the device is shown in cylindrical coordinate system,
and the lateral length scale is not the same as the vertical length scale. This thickness
of the Si channel is 1 µm. (b) Simulated current density profile inside the Si. Color
code indicates the level of current density in Si.

circular contact has a diameter of 40 µm. The cross section of the half of the
device is shown in cylindrical coordinate system (Fig. 6.4(a)). If the current
spreading is large, the actual distance between the source and the drain is not
determined by the device Si thickness, but by the geometrical distance includ-
ing the lateral size contribution. This might draw a crucial consequence in the
spin transport, because all spin information of electrons may attenuate com-
pletely during the travel over a long current path. Figure 6.4(b) shows a simu-
lated current density profile inside a 1-µm-thick Si channel (n = 1015 cm−3).
The Schottky barrier height was set to zero in this calculation, assuming a flat
band condition. It is shown that the current spreading is not significant when
the contact resistance is negligible.

6.2.4 Lateral geometry

Figure 6.5 shows a lateral geometry which can be used for non-local measure-
ment of a spin accumulation in the Si channel. The spin-polarized electrons
are injected from one of the current probes (I−), and the electrons flow from
the injector to the other current probe (I+). Two separate voltage probes are
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Figure 6.5. A schematic diagram of a lateral geometry for non-local MR observation.
The Si channel length (L) is determined by the distance between the I− and V +

contacts. The width (W ) of the Si channel is determined by the thickness of the
device Si layer. Spin polarized electrons flow from the I− contact to the I+ contact,
producing a spin accumulation (∆µs). This ∆µs is detected by two separate voltage
probes, V + and V − contacts.

used to measure the chemical potential difference due to the spin accumula-
tion (∆µs) in the Si channel produced by the injected spin-polarized electrons.

The current flowing in the Si channel generates spurious effects such as
local Hall effect and MR, but confined to the MR of two current probes (I+,
I−). The advantage of the non-local voltage probes is that one can determine
the spin accumulation while minimizing spurious effects. Because the cur-
rent between two voltage probes (V +, V −) is negligible in comparison with
the current between two current probes (I+, I−), the current and the voltage
circuits are relatively well separated in this geometry[123]. This technique
has proven its usefulness in many experiments [36, 123].

The spacing between two probes should be within the spin diffusion length
in Si to expect a large electrical signal. As the spin diffusion length seems to
be on the order of a few microns at room temperature, we need a nano-scale
fabrication technique like e-beam lithography to attain high spatial resolution.
Because of this small dimension of the source and drain contact, the control
of the magnetic configuration is also very important for the lateral geometry.
A difference in the dimensions of the injector and detector strip provides the
difference in the coercivity of those contacts and thereby the switching from
the one magnetic configuration (anti-parallel or parallel) to another. The op-
timum window of the RA product of the contact for the lateral geometry is
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slightly different from that of the vertical geometry as discussed in Ref. [27].
A pattern transfer process like ion beam etching usually results in an edge
damage of the pattern. Consequently, it is useful to have a contact hole to
the Si defined by a passivation insulator as shown in Fig. 6.5. If the metallic
source and drain pattern is larger than the contact hole, the edge damage of
the patterns during the etching process doesn’t influence the quality of the real
contact during the process.

The vertical geometry in the previous section has advantages in that the
standard photolithography allows us a short channel length with controlled
magnetic configurations of the spin injector and detector; this approach is use-
ful to prove the two-terminal MR of the device, but it is difficult to integrate
a gate control. The lateral geometry may require a lithography technology to
fabricate a channel length less than 1 µm, but this geometry is similar to the
real spin-MOSFET structure. As a consequence, the lateral geometry would
be the ultimate choice for the real spin-MOSFET fabrication. Another advan-
tage of the lateral geometry is that the four-terminal non-local measurement
technique can be used to prove the spin accumulation in semiconductor and to
study the fundamental physics. However, the actual spin-MOSFET is based
on the current between the source and drain; it will operate in two-terminal
geometry. The demonstration of a MR in the two-terminal measurement is
required to prove the operation of spin-MOSFET. This is also relevant for
the vertical devices. Therefore, it is important to quantify the spurious ef-
fects, like local Hall effect and the MR owing to the current in the Si channel,
which is the topic of the next section.

6.3 Stray field in the Si channel

When a finite ferromagnet pattern is magnetized, a strong magnetic fringe
field—an order of 1 T—develops near the edges of the ferromagnet pattern[124,
125]. If this field is perpendicular to the current path, the deflection of the
current causes a hall voltage in the transverse direction of the current. This
effect is especially significant in a low-doped Si channel with high mobility.
Sometimes, a spurious signal from this local Hall effect can mimic the true
magnetoresistive response of the device[124, 125]

Besides the local Hall effects, there exists the ordinary (or Lorentz) MR
of a Si channel. Every material has the ordinary MR originated from the in-
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Figure 6.6. MR of a Si channel (resistivity, ρ = 5 ∼ 10 Ωcm; P dopant density, nd=
1015 cm−3) versus magnetic field measured at various temperatures.

fluence of the Lorentz force on the motion of electrons. The resistivity of a
semiconductor is a function of magnetic field as a transverse magnetic field,
and the MR is determined by [126]

ρ(B)

ρ(0)
= TMµ2B2, (6.1)

where ρ is the resistivity of semiconductor, TM is the magnetoresistance scat-
tering coefficient, and µ is the mobility of electrons. It is known that the
MR depends more strongly on the scattering mechanism than does the Hall
coefficient; the TM varies between 0.38 (for acoustic deformation potential
scattering) and 2.15 (for ionized impurity scattering)[126]. The shape of the
MR curve is well described by

I =
V

RSi(1 + TMµ2B2)
, (6.2)

where RSi the resistance of the Si channel at zero magnetic field.
In order to investigate the MR of a Si channel, we have fabricated a Si

channel (the resistivity, ρ = 5 ∼ 10 Ωcm; the dopant (P) density, nd= 1015
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cm−3) with four ohmic contacts with low contact resistance. Figure 6.6 shows
the MR of the Si channel at different temperatures. Very surprisingly, the
magnitude of MR is as large as 400% at low temperature! The shape of the
MR curves is Lorentzian as described by Eq. 6.2. The magnitude of MR and
the width of the curves depend on temperature, because of the temperature
dependence of the resistivity and mobility.

Figure 6.7(a) shows the resistivity of the Si channel as a function of tem-
perature. As the temperature decreases, the resistivity decreases slowly down
to 100 K owing to the increased mobility, but it increases exponentially be-
low 50 K as the freezing of carriers limits the conductivity. The linear fit at
low temperature represents the activation energy of 45 meV, which is in good
agreement with the ionization energy of phosphorous donors in the literature
[127]. Figure 6.7(b) shows the MR of the Si channel as a function of temper-
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ature. This MR value is measured 0.1 V bias and calculated as (ρ(0.8 T) - ρ(0
T))/ ρ(0 T). The MR increases rapidly with decreasing temperature down to
50 K, and it saturates at low temperature. It is striking that the values of the
MR is as high as 400% at low temperature.

Assuming the MR of channel follows Eq. 6.1 and Eq. 6.2, we can calcu-
late the mobility of the Si from the measured value of the MR (Fig. 6.7) or the
shape of the MR curves (Fig. 6.6). Figure 6.8 shows the calculated mobility of
electrons in Si from the MR values using Eq. 6.1 with TM=1. We find that the
mobility is proportional to T−1.1, which is in good agreement with the general
temperature dependence of the mobility in Ref. [45]. This confirms that this
MR originates from the effect of the Lorentz force on the electron motion in
a magnetic field. Moreover, we find that the large µ at low temperature, and
the µ2 dependence of MR (Eq. 6.1) gives rise to large MR effects.

Because the conductivity matching necessarily requires that the channel
resistance should be more or less similar to the contact resistance, the ordi-
nary MR is unavoidable in the Si channel, and the only way to solve it is to
minimize fringe fields. We expect an MR less than 10% from the electrical
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spin injection and detection. If the fringe field from the ferromagnetic pattern
is large, for example, ∼1 T, this field changes the resistance of the Si channel
near the ferromagnet up to 400% depending on the temperature, which may
be misunderstood as a signal from the spin accumulation. In order to distin-
guish between these two contributions, we need to design a careful control
experiment.

6.4 Conclusions

The development of the Si-based spintronic devices requires proper design
of the contacts between the ferromagnetic source/drain and the semiconduc-
tor. The spin-tunnel contacts with a low-work-function interlayer satisfy the
requirement for the suitable contact for the source and drain contact of Si-
base spin MOSFET. We have shown that the spin-tunnel contact with a low-
work-function interlayer allows tuning of the RA product over many orders
of magnitude—while a reasonable tunnel spin polarization is maintained—in
which a MR in a full device with a Si channel and two FM contacts should
be observable even for sub-nanosecond τs in Si. By contrast, the observation
of MR in a Si spin-MOSFET is not possible with conventional FM contacts
unless the τs in Si is more than a second in diffusive regime. Hence, spin
tunnel contacts with low work function ferromagnets raise prospects for spin
injection into Si and for the realization of the Si spin-MOSFET. As a conse-
quence, the spin-tunnel contacts can be integrated into a full device for the
MR observation. The expected MR is about 0.3∼0.6% at room temperature
and about 4∼7% at 100 K. Obviously this can be improved by further engi-
neering of the TSP of such contacts.

We have described two suitable configurations for the MR observation, a
vertical geometry with a Si membrane, and a lateral geometry with non-local
spin accumulation measurement, and discussed the advantages and disadvan-
tages of both approaches. We find that the large mobility of electrons in the
Si channel at low temperature and the quadratic mobility dependence of MR
give rise to surprisingly huge MR effects, as large as 400% at low tempera-
ture. Because the spin-MOSFET is based on the two-terminal MR response
between the source and drain—if we set aside a gate-voltage control of the
conductance of the Si channel—it is important to minimize stray field effects
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in the Si channels, especially the MR originated from the Lorentz force on the
electron current in a magnetic field.



Chapter 7
Conclusions

Recent progress in semiconductor-based spintronics opens up a possibility to
develop novel devices that can be applied for the solid-state information de-
vices. One of the main goals of the semiconductor-based spintronics is to
realize a three terminal device, a spin transistor, which has memory and am-
plification functionalities in one device. The aim of the thesis is to investigate
the issues for the development of semiconductor-spintronic devices, such as
the spin-MOSFET, and to provide the solutions towards a realization of such
devices. The spin-MOSFET structure consists of a semiconductor channel
and two ferromagnetic contacts for the source and drain electrodes. In order
to realize the device, three requirements should be satisfied: (i) injection of
spin-polarized current of electrons from FM into semiconductor, (ii) transport
of electrons through the semiconductor without losing the spin information,
(iii) detection of spin-dependent transmission into the FM drain contact. We
have selected Si as a semiconductor because the mainstream semiconductor
industry is based on Si technology, and Si is expected to have a longer spin life
time with less spin-relaxation mechanisms than III-V compound semiconduc-
tors due to smaller spin-orbit coupling and a lattice with inversion symmetry.
However, there has been no evidence of the spin accumulation in Si, the tech-
nologically most important semiconductor. The injection and the detection
of spin-polarized electrons in Si has been fettered, since it is difficult to use
optical detection techniques as one can do with III-V semiconductors. The
MR in a Si channel with two ferromagnetic contacts should be demonstrated
to realize the Si spin-MOSFET, which requires careful design of the contacts
between the ferromagnetic source/drain and the semiconductor. Inserting a
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tunnel barrier has been key to achieve spin-injection from ferromagnetic (FM)
metals into GaAs to avoid the conductivity mismatch problems. However, as
introduced in chapter 1, it has been shown that the requirements for the elec-
trical spin injection in semiconductor are different from the requirements for
the two-terminal MR observation in the spin-MOSFET structures. This re-
sults in three requirements for the proper source and drain contacts: namely,
suitable resistance-area (RA) product, high tunnel spin polarization (TSP),
the controlled magnetic switching.

In chapter 2, the properties of FM/I/Si contacts has been studied for the
application of the source and drain electrodes of the Si spin-MOSFET struc-
ture. A series of high-quality FM/I/Si contacts has been fabricated with stan-
dard ferromagnetic materials, such as Co and Ni80Fe20 alloy. It turns out that
the RA product of these contacts are many orders of magnitude higher than
the optimum values for the MR observation in a Si spin-MOSFET structure,
because the Schottky barrier formation in the FM/I/Si contacts gives rise to
the major obstacle to the MR observation: namely, (i) low current due to a
(reverse biased) Schottky barrier, (ii) electrons tunnel into or out of states
at elevated energy, for which the TSP is strongly reduced, and (iii) a huge
conductivity mismatch of many orders of magnitude between Si and tunnel
contacts with ferromagnetic metals such as Co and NiFe alloys. From these
results, we conclude that the observation of MR in a Si spin-MOSFET is not
possible with standard FM contacts and the conventional method of adjusting
the tunnel barrier thickness to control the tunnel conductance.

In chapter 2, we have presented a breakthrough to this problem by intro-
ducing a low work-function ferromagnet inserted at the FM/tunnel barrier in-
terface. It has been shown that the Schottky barrier is completely removed by
using a thick Gd electrode, the resistance-area (RA) product of FM/Al2O3/Si
contacts is reduced by eight orders of magnitude, and the optimum RA prod-
uct for the MR observation in spin-MOSFET structure is obtained. Besides
a low RA product, the ability to tune the RA product is essential, since the
RA product of the tunnel contact should be in an optimum range that also de-
pends on the spin life-time in Si, which is not accurately known. The tuning
of Schottky barrier height has been demonstrated using a sub-nm low-work-
function Gd interlayer, based on the idea that the work-function of the elec-
trode is determined by the outermost layers. We find that the Gd thickness
needed to completely remove the Schottky barrier is only 0.8 nm. In this way
the resistance-area (RA) product of FM/Al2O3/Si contacts can be tuned over
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eight orders of magnitude, and the optimum RA product for the MR observa-
tion in spin-MOSFET structure can be achieved.

It has been shown in chapter 2 that the work-function engineering of the
spin tunnel contact is a very useful tool to reduce the Schottky barrier of Si/
Al2O3/ Gd/ Ni80Fe20 contacts. We find that the effective work-function of
Gd/Ni80Fe20 bi-layer of the contact is linearly proportional to the Gd inter-
layer thickness up to 0.8 nm. By varying the effective work-function of the
metal, we have obtained the surface density of gap states (Ds) and the charge
neutrality level (φCNL) at the Si/ Al2O3/ interface of the contact. Structural
analysis of Si/ Al2O3/ Gd/ Ni80Fe20 contacts shows that the deposited Gd layer
is amorphous with relatively uniform thickness. The chemical and electrical
analysis indicates that the oxidation of the deposited Gd layer is negligible in
the contact. This confirms that the work-function engineering by a sub-nm Gd
interlayer has been done by the metallic Gd. Therefore, the FM/I/Si contacts
with a low work-function ferromagnet interlayer satisfies the first requirement
for the source and drain electrodes of the Si spin-MOSFET, the RA matching
to a Si channel.

It has been demonstrated in chapter 3 that the spin tunnel contacts with
a low work function ferromagnet—inserted between the ferromagnet and the
insulator of FM/Al2O3/Si tunnel contacts—injects spin-polarized carriers with
a reasonably high TSP into the other electrode through a tunnel barrier, satis-
fying the second requirements of the source and drain contacts to realize the
Si-based spin MOSFET. A series of MTJs of NiFe/ Gd/ Al2O3/ Co and Co/
Gd/ Al2O3/ Co have shown a reasonably high value of TMR with clear mag-
netization switching. We have obtained the TSP of the NiFe/ Gd/ Al2O3 and
Co/ Gd/ Al2O3 electrode from the measured TMR values, and investigated the
TSP as a function of thickness of the low-work function interlayer at different
temperatures. The TSP of tunnel contacts with a low work function ferromag-
net depends on many parameters, ferromagnetic elements, alloy composition,
the strength and the sign of magnetic coupling, voltage bias, and temperature.
There are still lots of room for improvement of the TSP at high temperature
and the bias dependence. Further study is required to understand the complex
behavior of MTJs with RE-TM materials which might be originated from the
magnetic interactions between localized magnetic ions and conduction elec-
trons.

In chapter 4, we have presented another effective way to control the RA
product of the FM/ Al2O3/ Si contacts using an alkali-metal (Cs)-covered Si
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surface. The spin tunnel contacts to Si with an alkali-metal-coated n-type Si
surface show noticeably low Schottky barrier height. The Cs deposition on
Si induces three times larger density of gap states, with a charge neutrality
level very close to the conduction band edge of Si. Because of these gap
states, the Fermi energy level in Si is close to an alkali-metal-induced surface
state level, providing a low Schottky barrier height. By combining this new
method with the low work function approach one can control the RA product
of spin tunnel contacts to Si over a wide range as well as potential energy
profile of spin tunnel contacts to Si. The Cs deposition on the Si surface rep-
resents an alternative method to engineer spin-tunnel contacts to obtain the
desired RA product of spin tunnel contacts with a smaller Gd thickness in
comparison with the normal Si surface, such that the TSP is expected to be
higher. Surprisingly, an inverted diode characteristic has been observed in
FM/ Gd/ Al2O3/ Cs/ Si contacts. This indicates an inverted band bending near
the contact and the presence of an accumulation layer at the n-type Si surface.
This suggests the formation of two-dimensional electron gas at the n-type Si
surface, which is useful to design new devices using the properties of the two-
dimensional electron gas.

In chapter 5, the magnetic properties of nano-scale magnet arrays have
been studied to understand the scaling behaviour of their magnetic configu-
rations and the magnetostatic interaction between them. We have fabricated
nano-scale magnetic elements using laser interference lithography (LIL) and
lift-off technique, and characterized the magnetic properties of the nano-scale
magnetic elements using magnetometry and magnetic force microscopy. The
magnetic configuration of the nano-scale elements is closely related with the
size and shape of the elements. Circular dots with 500-nm diameter show
a vortex structure with a clear vortex core observed by magnetic force mi-
croscopy. The behavior of the vortex structure in magnetic field has been stud-
ied by magnetometry, which is in good agreement with micromagnetic sim-
ulations. We also find that magnetic elements with 150 nm dimensions seem
to have a simple magnetic structure except a configurational anisotropic mag-
netic coupling between the magnetic elements. This configurational anisotropic
magnetic coupling plays an important role in the densely packed arrays. We
find that the magnetic structure with a vortex configuration is not suitable
to obtain uniform magnetization in the magnetic element; an elliptical shape
with a shape anisotropy is a proper geometry; the distance between the mag-
netic elements should be far enough to neglect the magnetostatic interaction
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among the adjacent magnetic materials. The knowledge obtained from these
studies can be applied to obtain a uniform magnetization in magnetic ele-
ments, for example, the source and drain contacts of the spin-MOSFET as
well as to control the switching of their magnetic moments.

It has been shown in chapter 6 that the development of the Si-based spin-
tronic devices requires proper design of the contacts between the ferromag-
netic source/drain and the semiconductor. We find the spin-tunnel contacts
with a low-work-function interlayer satisfy three requirements for the suit-
able contact for the source and drain contact of Si-base spin MOSFET. We
have shown that the spin-tunnel contact with a low-work-function interlayer
allows tuning of the RA product over many orders of magnitude—while a
reasonable tunnel spin polarization is maintained—in which a MR in a full
device with a Si channel and two FM contacts should be observable even for
sub-nanosecond spin life time in Si. By contrast, the observation of MR in
a Si spin-MOSFET is not possible with conventional FM contacts unless the
τs in Si is more than a second in diffusive regime. Hence, spin tunnel con-
tacts with low work-function ferromagnets raise prospects for spin injection
into Si and for the realization of the Si spin-MOSFET. As a consequence, this
type of spin-tunnel contacts can be integrated into a full device for the MR
observation. The expected MR is about 0.3∼0.6% at room temperature and
about 4∼7% at 100 K. Obviously this can be improved by further engineering
of the TSP of such contacts. We have described two suitable configurations
for the MR observation, a vertical geometry with a Si membrane, and a lat-
eral geometry with non-local spin accumulation measurement, and discussed
the advantages and disadvantages of both approaches. We find that the large
mobility of electrons in the Si channel at low temperature and the quadratic
mobility dependence of MR give rise to surprisingly huge MR effects, as
large as 400% at low temperature. Because the spin-MOSFET is based on the
two-terminal MR response between the source and drain—if we set aside a
gate-voltage control of the conductance of the Si channel—it is important to
minimize stray field effects in the Si channels, especially the MR originated
from the Lorentz force on the electron current in a magnetic field.

It is yet to be demonstrated whether the Si channel between the sources
and drains shows a MR signal from the electrical spin injection and detection
in the diffusive transport regime. It seems that there is no fundamental barrier
for the electrical spin injection and detection in Si, but there are still a few
technical issues to be improved. Improvement in TSP will certainly raise the
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MR signal level, and the improvement in the device geometry will present
advantages to avoid spurious effects from the stray field and the current in the
Si channel. It is meaningful to study alternative methods to observe the spin
accumulation in Si. For example, a magnetization switching of nano-magnets
by the spin-polarized current would be useful to prove the spin accumulation
in semiconductor.

The main outcome of this research is that we have identified the major
obstacles to the electrical spin injection and detection in Si in the diffusive
transport regime, and provided an innovative solution to these major obsta-
cles. This thesis presents the interface engineering of spin tunnel contacts
with a interfacial nanolayer, which makes a bridge across the fundamental
mismatch between a ferromagnetic metal contact and a Si channel. We have
used Gd to demonstrate the approach with a low-work-function nanolayer at
the electrode side of the contact, while Cs was used to illustrate the approach
in which the chemistry of the Si/Al2O3 interface is modified. However, these
approaches are certainly not limited to Gd or Cs. Gd represents one exam-
ple of a whole new category of tunnel contact materials combining high TSP
with low work function. Among thousands of ferromagnetic metals, mag-
netic alloys, and magnetic oxides, there might be better materials in the sense
of higher TSP, higher TC , lower work function, and better chemical-stability
than Gd. We may expect an enhanced TSP using other ferromagnets and
barrier materials, or engineering the magnetic coupling of the nm-thin low
work-function interlayer to a ferromagnetic material with high Curie temper-
ature.

The methods developed here to engineer spin-tunnel contacts to Si can
also be applied to other semiconductors in spintronic devices. Examples are
in spin-tunnel contacts for spin-injection into organic semiconductors, semi-
conductor carbon nanotubes, graphene, Ge, some III-V semiconductors, and
so on. This technique is not only essential to semiconductor-based spintron-
ics, but may also find their way to low RA product applications of MTJs such
as read heads in magnetic disk drives. This method could prove useful when
the desired RA product is so small that the required thickness of the tunnel
barrier enters the range where pinholes can no longer be avoided. The work
function engineering using an interfacial nanolayers is more generally appli-
cable than using it to control the RA product in spin devices. This technique
is relevant for metal gates in MOSFETs, in contacts to organics, and, in fact,
in any device where work function is important.
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Appendices

Appendix A. Process details of the fabrication of MIS
contacts

Wafer: n-type Si (100), thickness: 500 µm

A1 Oxide template patterning

A1.1 Standard wafer cleaning
100% HNO3, 10 min
Quck dump rince (QDR) in de-ionized (DI) water
69% HNO3 at 95◦C, 10 min
QDR in DI water
1% HF, 1 min
QDR in DI water
Spin dry

A1.2 Dry oxidation
300 nm SiO2 dry-oxide: 1100◦C, 5 hours
Thickness measurement: ellipsometry

A1.3 SiO2 pattern mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating an adhesion promoter, hexamethyldisilozane (HDMS) 20 sec, 4000 rpm
Spin coating 1.2 µm photoresist (PR) (Olin 907/1.2) 20 sec, 4000 rpm
Soft bake, 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure, 1 min at 120◦C
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Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

A1.4 SiO2 etching
Ammonium fluoride buffer-hydrofluoric acid mixture (BHF)
BHF 5 min (Etch rate: 60 nm/min)
QDR in DI water PR strip HNO3 100%, 10 min
QDR in DI water
Spin dry
Inspection with optical microscope

A1.5 Standard wafer cleaning
100% HNO3, 10 min
Quck dump rince (QDR) in DI
69% HNO3 at 95 ◦C, 10 min
QDR in DI water
1% HF, 1min
QDR in DI water
Spin dry

A1.6 Dry oxidation
40 nm SiO2 dry-oxide: 950◦C, 1 hour 20 min
Cool down to 400◦C
Heat up to 1150◦C
Annealing 30 min at 1150◦C
Cool down to room temperature (RT)
Thickness measurement: ellipsometry

A1.7 Wafer dicing
Protect a wafer with PR.
Wafer is diced to 11 mm x 11 mm.

A2 Metal layer deposition

A2.1 wafer preparation (11 mm x 11 mm)
100% HNO3, 10 min
DI water rinse, 7 min
BHF 1 min
DI water rinse, 1 min
Spin dry
Load the wafers in the deposition robot
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Transfer the robot into the load-lock chamber

A2.2 Layer deposition
Al2O3 deposition by e-beam evaporation
Plasma oxidation at 800V, 100 mTorr
Metallic layer deposition

A3 Metal layer patterning

A3.1 Front-side metal pattern mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec, 4000 rpm
Soft bake 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

A3.2 Ion beam etching (IBE) of metal layers
Kaufman type broad beam source (21 cm)
with a plasma bridge neutralizer
with MPS5001 power supply (Veeco Instruments)
Ar pressure 3 × 10−4 mTorr
Discharge voltage= 55 V
Beam voltage= 500 V, Beam current= 20 mA
Accerlaration voltage=100 V, Accerleration current = 1 mA
Plasma bridge neutralizer current = 25 mA
IBE for suitable time
with constant rotation of the sample at tilted angle 20◦.
Cleaning IBE of edge-redepostion, 2 min at tilted angle 75◦, if necessary
Inspection with optical microscope

A3.3 Photoresist (PR) strip
Removal of the backside paste with Isopropyl Alcohol (IPA)
Cleaning in IPA with ultrasonic agitation
PR strip in Acetone with ultrasonic agitation
Rinse in IPA
Rinse in DI water 1 min
Spin dry
Inspection with optical microscope
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A4 Cr/Au contact pad patterning

A4.1 Front side Cr/Au pad pattern mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating HDMS 20 sec, 4000 rpm
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec, 4000 rpm
Softbake 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

A4.2 Sputtering Cr/Au contacts on the front side
DC magnetron sputtering (sputterke)
Ar pressure= 6.6 mTorr, power=300W
Cr 12 nm/ Au 100 nm
Lift-off in Acetone with ultrasonic agitation
Rinse in IPA
Rinse in DI water 1 min
Spin dry
Inspection with optical microscope
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Appendix B. Process details of the fabrication of the
vertical geometry for two-terminal MR observation
Wafer : SOI wafer, n-type Si (100), Device layer: 0.5∼3µm, Handle wafer: 350 µm

B1 Membrane fabrication

B1.1 Standard wafer cleaning
100% HNO3, 10 min
Quck dump rince (QDR) in Deionized (DI) water
69% HNO3 at 95◦C, 10 min
QDR in DI water
1% HF, 1 min
QDR in DI water
Spin dry

B1.2 Wet oxidation
1000 nm: 2 hours 30 min at 1150◦C
Thickness measurement with ellipsometer

B1.3 Backside mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating HDMS (20 sec, 4000 rpm)
Spin coating 1.2 µm photoresist (PR: Olin 907/1.2) 20 sec, 4000 rpm
Softbake 1 min at 95◦C
Standard Exposure (4.5 sec)
Post-exposure bake 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

B1.4 Front side protection
Spin coating HDMS (20 sec, 4000 rpm)
Spin coating 1.2 µm PR (20 sec, 4000 rpm)
Softbake 1 min at 95 ◦C

B1.5 Oxide mask etching
Hardbake 15 min at 120 ◦C
Ammonium fluoride buffer-hydrofluoric acid mixture (BHF)
BHF 19 min (Etch rate: ∼ 60 nm/min)
QDR in DI water
PR strip in 100% HNO3, 10 min
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QDR in DI water
Spin dry
Inspection with optical microscope

B1.6 Si etching
25 wt% KOH, 6 hours at 75 ◦C
(Etch rate: 1 nm/min for SiO2, 1 µm/min for Si (001) )
Inspection with optical microscope

B1.7 Wafer cleaning
RCA solution (H2O:H2O2:HCl= 5:1:1), 15 min at 85◦C
QDR in DI water
Spin dry

B2 Front side Si pattering

B2.1 Standard wafer cleaning
100% HNO3, 10 min
QDR in DI water
69% HNO3 at 95◦C, 10 min
QDR in DI water
Spin dry

B2.2 Front-side Si pattern mask
Pre-bake 10 min at 120◦C to remove the water vapor
Spin coating HDMS (20 sec, 4000 rpm)
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec 4000 rpm
Soft-bake 1 min at95 ◦C
Standard Exposure (4.5 sec)
Post-exposure bake 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

B2.3 Oxide mask etching
Hardbake 15 min at 120◦C
BHF 12 min (Etch rate: 60 nm/min)
*The backside Burried oxide (Box) layer is also etched in part at the same time.
QDR in DI water
PR strip HNO3 100%, 10 min
QDR in DI water
Spin dry
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Inspection with optical microscope

B2.4 Front side Si etching
25 wt% KOH, 3 min at 75 ◦C
(Etch rate: 1 nm/min for SiO2, 1 µm/min for Si (001) )
*The backside Handle Si layer is etched at the same time.
Inspection with optical microscope
Inspection with Dektak (Thickness profile)

B2.5 Wafer cleaning
RCA solution (H2O:H2O2:HCl= 5:1:1), 15 min at 85 ◦C
QDR in DI water
Spin dry

B3 Front-side SiO2 pattering and backside BOX etching

B3.1 Standard wafer cleaning
HNO3 100%, 10 min
QDR in DI water
69% HNO3 at 95◦C, 10 min
QDR in DI water
Spin dry

B3.2 Front-side SiO2 pattern mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating HDMS, 20 sec, 4000 rpm
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec, 4000 rpm
Soft-bake 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure 1 min at 120◦C
Development OPD4262 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

B3.3 SiO2 etching
BHF 7 min (Etch rate: 60 nm/min)
*The remaining backside Box layer is completely etched at the same time.
QDR in DI water
PR strip HNO3 100%, 10 min
QDR in DI water
Spin dry
Inspection with optical microscope
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B3.4 Standard wafer cleaning
100% HNO3, 10 min
Quck dump rince (QDR) in DI
69% HNO3 at 95◦C, 10 min
QDR in DI water
1% HF, 1 min
QDR in DI water
Spin dry

B3.5 Dry oxidation
40 nm SiO2 dry oxide: 1 hour 20 min at 950◦C
Cool down to 400◦C
Heat up to 1150◦C
Annealing 30 min at 1150◦C
Cool down to RT
Thickness measurement: ellipsometry

B3.6 Front-side protection SiO2 deposition
RF sputtering (Nordiko)
Pressure=7.5 mTorr (Oxygen:Ar=1:9), Power= 300 W
Deposition time= 30 min, thickness= ∼80 nm

B3.7 Wafer dicing
Protect a wafer with PR
Wafer is diced to 11 mm x 11 mm.

B4 Metal layer deposition

B4.1 wafer preparation (11 mm x 11 mm)
100% HNO3, 10 min
DI water rinse, 7 min
BHF 1 min
DI water rinse, 1 min
Spin dry
Load the wafers in the deposition robot.
Transfer the robot into the load-lock chamber.

B4.2 Layer deposition on the backside
Al2O3 deposition by e-beam evaporation
Plasma oxidation at 800 V, 100 mTorr
Metallic layer deposition
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B4.3 Sputtering the Cr/Au contact on the backside
DC magnetron sputtering (sputterke)
Ar pressure=6.6 mTorr, power=300 W
Cr 12 nm/ Au 100 nm

B4.4 Removal of front side SiO2

BHF, 1 min
DI water rinse, 1 min
Spin dry
Load the wafers in the deposition robot.
Transfer the robot into the loadlock chamber.

B4.5 Layer deposition on the front-side
Al2O3 deposition by e-beam evaporation
Plasma oxidation at 800 V, 100 mTorr
Metallic layer deposition

B5 Metal layer patterning

B5.1 Front side metal pattern mask
Pre-bake 10 min at 120◦C to remove water vapor
Spin coating HDMS, 20 sec, 4000 rpm
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec, 4000 rpm
Soft-bake 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

B5.2 Wet etching of metal layer
Au etchant (KI 34 g, I2 4.5 g, Glycerol 150 ml, Water 300 ml)
1:20 diluted Au etchant (Au etchant: Glycerol : DI water:= 15: 100: 200)
Backside protection with PR
60 sec in standard Al etchant at 55◦C
60 sec in the diluted Au etchant
Remaining time in Al etchant
Rinse in DI water 1 min
Spin dry
Inspection with optical microscope
PR strip in Acetone (No ultrasonic agitation)
Rinse in Isopropyl Alcohol (IPA)
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Rinse in DI water 1 min
Spin dry
Inspection with optical microscope

B6 Cr/Au contact pad patterning

B6.1 Front-side Cr/Au pad pattern mask
Pre-bake 10 min at 120 ◦C to remove water vapor
Spin coating HDMS 20 sec, 4000 rpm
Spin coating 1.2 µm PR (Olin 907/1.2), 20 sec, 4000 rpm
Soft-bake 1 min at 95◦C
Standard exposure (4.5 sec)
Post-bake exposure 1 min at 120◦C
Development OPD4262, 60 sec
QDR in DI water
Spin dry
Inspection with optical microscope

B6.2 Sputtering Cr/Au contacts on the front side
DC magnetron sputtering (sputterke)
Ar pressure=6.6 mTorr, power=300 W
Cr 12 nm/ Au 100 nm
Lift-off in Acetone (No ultrasonic agitation)
Rinse in IPA
Rinse in DI water 1 min
Spin dry
Inspection with optical microscope



Summary

This thesis is devoted to silicon-based spintronic devices, and describes the
investigation of the issues for the development of such devices, and provides
solutions towards realization thereof. By combining ferromagnetic proper-
ties and semiconductor characteristics and using the spin of the electron,
semiconductor-based spintronics opens up the possibility to realize novel elec-
tronic devices. One example is the silicon spin-MOSFET, a gate-controlled
magneto-resistive device with a silicon channel and a ferromagnetic source
and drain, in which the channel conductance can be modulated by the relative
alignment of the source and drain magnetization. Silicon is most attractive
as the material for the semiconductor channel not only because of its use in
mainstream semiconductor technology, but also because Si is expected to have
a long spin lifetime.

For the realization of this device and the observation or magnetoresis-
tance (MR) between source and drain, the electrical injection, transport, and
detection of spin-polarized carriers in Si are required. This, in turn, requires
proper design of the contacts between the ferromagnetic source/drain and the
semiconductor, as these determine the communication of the spin information
between the channel and the ferromagnetic electrodes. This thesis starts by
outlining what the requirements are for the ferromagnetic metal/ tunnel bar-
rier/ Si (FM/I/Si) contacts in order to allow the observation of MR in such
devices. These are a suitable resistance-area (RA) product, high tunnel spin-
polarization (TSP), and controlled magnetic switching.

To examine these requirements, FM/ Al2O3/ Si structures are studied. It is
found that the observation of MR in a Si spin-MOSFET is not possible with
such FM contacts if common ferromagnetic metals such as Co and NiFe al-
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loys are used. Also, the conventional method of adjusting the tunnel barrier
thickness to control the tunnel conductance is found to be ineffective. The
resistance of FM/I/Si contacts with Co and NiFe alloys is 4 to 8 orders of
magnitude too large. Schottky barrier formation in the FM/I/Si contacts is
identified as the main reason.

This thesis presents a solution to this problem by interface engineering of
spin tunnel contacts using a sub-nm interfacial nanolayer, bridging the fer-
romagnetic metal and the Si channel. Two approaches are introduced and
demonstrated. The first approach involves a nanolayer of a ferromagnetic
material with a low work function, inserted at the magnetic electrode side
of the contact. It is demonstrated that FM/I/Si contacts with Gd-based low-
work-function ferromagnetic electrodes have greatly reduced RA products,
because the Schottky barrier is effectively removed. Moreover, by adjusting
the thickness of the nanolayer, tuning of Schottky barrier height and thereby
the RA product can be achieved over 8 orders of magnitude. Simultaneously,
it is demonstrated that a reasonable tunnel spin-polarization is still preserved,
although some improvement in the room temperature values would be desir-
able. A few material modifications are therefore also studied, although many
more options are still to be explored.

The second approach to control the RA product of the FM/I/Si contacts
uses alkali-metal (Cs) coverage of the Si surface prior to tunnel barrier prepa-
ration. This is also found to suppress the Schottky barrier height efficiently,
due to the modified pinning position of the Fermi level at the oxide/Si inter-
face. By combining the second "interface chemistry" method with the low
work-function approach, one has complete control of the RA product as well
as potential energy profile of spin tunnel contacts to Si. Especially, an inverted
band bending can be obtained in FM/ Gd/ Al2O3/ Cs/ Si contacts, which in-
dicates the possibility of the formation of two-dimensional electron gas at the
n-type Si surface.

Following this, the thesis discusses device-related issues such as proper
geometry for the MR observation, where the interface-engineered tunnel con-
tacts are integrated into a full device. Because the spin-MOSFET is based
on the two-terminal MR response, stray field effects in the Si channel should
be carefully minimized. Also the magnetic properties of nano-scale magnetic
elements are investigated, which is needed to design the ferromagnetic source
and drain electrodes. It is concluded that with the interface-engineered spin-
tunnel contacts developed here, the MR in a full device with a Si channel and
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two FM contacts is expected to be observable even if the spin lifetime in the
Si is in the sub-nanosecond range. Hence, the spin-tunnel contacts described
in this thesis raise prospects for the realization of the Si spin-MOSFET. More-
over, the approaches presented here can be extended to other elements, alloys
and compounds, opening up a whole new class of materials for spin-tunnel
junctions. The methods developed here to engineer spin-tunnel contacts to Si
can be generally applied to semiconductor-based spintronic devices, low RA
product applications of magnetic tunnel junctions, but also to metal gates in
MOSFETs, and, in fact, to many devices where the work function is impor-
tant.





Samenvatting

Dit proefschrift gaat over spin-elektronica componenten gebaseerd op sili-
cium en beschrijft onderzoek naar de belangrijkste aspecten en knelpunten
voor de ontwikkeling van silicium spintronica componenten, en de oplossin-
gen daarvoor. Door eigenschappen van magnetische materialen en halfgelei-
ders te combineren en gebruik te maken van de spin van het elektron, geeft
halfgeleider spintronica nieuwe mogelijkheden voor de ontwikkeling van elek-
tronische componenten. Een voorbeeld is de Si spin-MOSFET, een spin-
transistor met een Si kanaal en twee ferromagnetische contacten, waarbij
de geleiding door het kanaal tussen de contacten kan worden beïnvloed via
de relatieve oriëntatie van de magnetisatie van beide contacten. Silicium
is het aangewezen materiaal voor een spin-transistor, daar het de bestaande
halfgeleider technologie domineert, en bovendien kan worden verwacht dat
de levensduur van de spin van elektronen in Si zeer lang is.

Voor de ontwikkeling van dergelijke silicium componenten met een mag-
netoweerstand effect zijn de elektrische injectie, transport en detectie van
spin-gepolariseerde ladingsdragers in Si vereist. Dit stelt specifieke eisen
aan het ontwerp van de ferromagnetische contacten met het Si, want de con-
tactgrenzen spelen een bepalende rol in de communicatie van de spin infor-
matie tussen ferromagneet (FM) en halfgeleider. Dit proefschrift begint met
de specificatie van de eisen die worden gesteld aan de ferromagneet / tunnel
isolator / Si contacten zodat een magnetoweerstand kan worden verkregen.
Deze eisen zijn een geschikte waarde van het product van weerstand en op-
pervlak, een hoge waarde voor de tunnel spin-polarisatie, en het gecontroleerd
schakelen van de magnetisatie van de contacten.

Ten einde deze eisen te bestuderen zijn FM/Al2O3/Si gemaakt. Er is
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gevonden dat met zulke contacten, indien daarvoor conventionele magnetis-
che materialen zoals Co en NiFe legeringen worden gebruikt, het niet mo-
gelijk is een significant magnetoweerstand effect te bereiken in een Si spin-
MOSFET. Verder blijkt dat de traditionele methode om de tunnel weerstand
in te stellen op de gewenste waarde, via de dikte van de tunnel isolator, niet
werkt voor zulke contacten. De weerstand van FM/Al2O3/Si contacten met
Co of NiFe legeringen is 4 tot 8 ordes van grootte te hoog, waarvoor de vorm-
ing van een Schottky barrière als de oorzaak is gevonden.

Dit proefschrift beschrijft de ontwikkelde oplossing voor dit fundamentele
probleem, waarbij de specifieke eigenschappen van de spin-tunnel contacten
gecontroleerd worden aangepast door introductie van een zeer dunne nanolaag
van een speciaal materiaal in het contact gebied. Hiermee wordt een brug ges-
lagen tussen het ferromagnetische materiaal en het silicium. Twee verschil-
lende manieren zijn bedacht en verwezenlijkt. In de eerste methode wordt
een nanolaag van een ferromagnetische materiaal met een lage werkfunctie
aangebracht tussen de ferromagnetische elektrode en de Al2O3 tunnel isola-
tor. Door gebruik te maken van een laagje van minder dan 1 nm gemaakt
van Gd, een magnetisch materiaal met een zeer lage werkfunctie, is laten zien
dat FM/Al2O3/Si contacten met een veel lagere weerstand kunnen worden
verkregen, omdat de Schottky barrière wordt verwijderd. Verder is laten zien
dat door de dikte van de Gd nanolaag te variëren, de hoogte van de Schottky
barrière en daarmee de weerstand van de contacten kan worden ingesteld over
een bereik van 8 ordes van grootte. En, daarbij is het tevens mogelijk gebleken
een redelijk grote waarde voor de tunnel spin-polarisatie te behouden, al-
hoewel het wenselijk is de verkregen waarde bij kamertemperatuur nog wat te
verbeteren. Hiervoor is een begin gemaakt door een beperkt aantal materiaal
aanpassingen te bestuderen, maar vele andere materialen zijn nog mogelijk.

De tweede methode om de contact eigenschappen in te stellen, maakt ge-
bruik van een dunne laag van het alkali metaal cesium, aangebracht op het
silicium oppervlak voordat de Al2O3 isolator wordt gedeponeerd. Gevonden
werd dat ook dit leidt tot een sterke reductie van de Schottky barrière hoogte.
In dit geval wordt dat bewerkstelligd door de verandering van de energetis-
che positie van de toestanden aan het oxide/Si grensvlak, waardoor de positie
van het Fermi niveau verschuift. Door deze "grensvlak chemie" methode te
combineren met de eerste methode gebaseerd op magnetische materialen met
lage werk functie, wordt complete controle verkregen over de weerstand en
het energie profiel van spin-tunnel contacten op Si. In het bijzonder kan een
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geïnverteerde band buiging worden verkregen in FM/ Gd/ Al2O3/ Cs/ Si con-
tacten, waarbij de mogelijkheid tot de vorming van een twee dimensionaal
elektronen gas ontstaat aan het grensvlak van Si en het tunnel oxide.

Vervolgens is gekeken naar andere aspecten die van belang zijn voor het
functioneren van een Si spin-MOSFET met daarin geïntegreerd de ontwikkelde
spin-tunnel contacten. De optimale geometrie van de transistor voor de ob-
servatie van magnetoweerstand is bekeken, waarbij het minimaliseren van
magnetische strooivelden van de contacten een belangrijk aspect is. Ook
zijn de magnetische eigenschappen van magnetische elementen met afmetin-
gen op nanoschaal bestudeerd, waarmee de ferromagnetische contacten van
de spin-MOSFET kunnen worden ontworpen. De conclusie is dat door ge-
bruik te maken van de in dit proefschrift ontwikkelde spin-tunnel contacten,
het mogelijk wordt om een meetbaar magnetoweerstand effect te verkrijgen
in een silicium spin-MOSFET zelfs als de spin levensduur van de ladings-
dragers in het Si minder dan een nanoseconde is. Dus, de hier ontwikkelde
magnetische tunnel contacten met instelbare eigenschappen maken de weg
vrij naar een magnetische transistor gebaseerd op spin-transport in silicium.
Voor deze nieuwe methoden kan worden geput uit een breed scala van ele-
menten, legeringen en stoffen, waarmee een geheel nieuwe klasse van mate-
rialen voor magnetische tunnel contacten is geïntroduceerd. De in dit proef-
schrift ontwikkelde methoden om de eigenschappen van magnetische con-
tacten op silicium gecontroleerd in te stellen, kunnen in zijn algemeenheid
worden toegepast in halfgeleider spintronica componenten en magnetische
tunnel juncties, maar ook in toekomstige generaties van niet-magnetische
halfgeleider structuren en in diverse andere componenten waarin de werk-
functie een rol speelt.
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Sit down before fact as a little child,
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follow humbly wherever and to whatever abysses nature leads,
or you shall learn nothing.

Thomas Henry Huxley (1825-1895)
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