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Abstract

In this thesis, the first steps in creating a realisable spin-injection transistor using ferro-
magnetic semiconductor electrodes are detailed. A spin-injection device utilising the
ferromagnetic semiconductor gadolinium nitride has been designed, fabricated and
electrically tested. In addition, an experimental setup for future measurements of a
spin current in spin-injection devices was adapted to our laboratory based off one de-
veloped by the Shiraishi group at Kyoto University. Issues encountered during fab-
rication were identified, and an optimal method for fabricating these devices was de-
termined. Gadolinium nitride and copper were used to make the devices on Si/SiO2

substrates.

The electrical integrity and applicability of the devices for future measurements
of injected spin-current was determined through electrical device testing. Resistance
measurements of electrical pathways within the device were undertaken to determine
the successful deposition of the gadolinium nitride and copper. IV measurements to
determine if the devices could withstand the current required for spin current mea-
surements were done. The durability of the devices through multiple measurement
types was observed. It was determined that although spin-injection devices utilising
gadolinium nitride can be successfully fabricated, more work needs to be done to en-
sure that the electrical pathways through the copper and gadolinium nitride can be
consistently reproducable to allow spin-injection measurements to be done.
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Chapter 1

Introduction

Climate change is the greatest problem facing the world today. As information be-
comes more globally attainable, huge amounts of energy are required to process the
inundation of data. But the facilities where this processing is done consume a lot
of energy. Data centres account for 3% [1] of global electricity - approximately 416.2
terawatt-hours, more than the total energy consumption of the UK. They also account
for 2% of greenhouse gas emissions [2] [3], equivalent to the carbon footprint of the
entire airline industry. The energy requirements of data centres are doubling every 4
years and are expected to triple within the next decade [1].

Lowering the energy consumption of data centres will decrease the environmental
impact and put less strain on worldwide energy production. One current possibility is
to limit internet use and access. However, there are huge benefits to healthcare, educa-
tion, and the economy with accessibility to information so a favourable alternative is
to develop technology that will not only cope with the continual increase in data but
also be energetically sustainable.

Developing devices where memory storage and retrieval capabilities are more en-
ergy efficient is necessary to curb the growing energy consumption of data centres. A
prominent component of the technology used to process information is the transistor.
Transistors are arguably one of the most important inventions of the 20th century. They
are essential to integrated circuits, amplification, and memory - a 1GB memory device
contains at least one billion transistors. The majority of our technology relies on tran-
sistors, so decreasing the energy consumption required to use them is necessary for
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2 CHAPTER 1. INTRODUCTION

improving the environmental sustainability of data centres, and the IT industry as a
whole. The advancement of transistors based on electronic charge is slowing and will
plateau over the next decade [4]. Therefore there is a need for a new type of transistor;
one that has sustainable energy requirements and the potential to exceed the techno-
logical capabilities of current electronic devices.

A new type of transistor with potentially lower energy consumption is the spin
transistor. A spin transistor is one that relies on the flow of spins of the electron to
switch between states instead of the charge current. This flow of spins is referred to
as the spin current. Spin injection transistors whose spin current travels between fer-
romagnetic source and drain electrodes by a non-magnetic conducting channel were
first proposed by Datta and Das in 1990 [5]. Since then, there have been further devel-
opments in both the theoretical design of spin injection transistors [6] [7] and experi-
mental work to build them, such as one using Cobalt as the ferromagnetic electrodes
which allow for detection and controlled precession of spins in semiconductors which
are also compatible with existing manufacturing processes using silicon and germa-
nium [8].

As spin injection transistors rely on the orientation of the electron spin in the de-
vice, rather than the movement of electronic charges, they are part of the family of
spintronic devices. Spintronics is a branch of technology which relies on the manip-
ulation of the spins of particles, as opposed to the electrical charge [9]. This reliance
on the spin of the electrons in the spin injection transistor means that the states of the
system can be maintained without constant energy input. Consequently, spin injec-
tion transistors have the potential to be less energy demanding than their conventional
electronic counterparts.

For a spin injection transistor to be realised, the spins need to be injected from the
ferromagnetic electrodes into the semiconducting non-magnetic conducting channel
at a high enough efficiency to provide a measurable spin polarised current. If the two
materials used are similar in conductivity, they have high spin injection efficiency [10].
As most ferromagnetic materials are metallic, there is often a substantial conductivity
mismatch between the ferromagnetic electrodes and the semiconductor used for the
non-magnetic conducting channel. However, if materials are used that have similar
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conductivities, this conductivity mismatch problem could be solved.

The making of a spin-injection transistor is a very ambitious goal and one that will
be realised over several years. In this thesis, I have developed a spin injection structure
using a rare-earth nitride as the electrode material, and a copper as the non-magnetic
material for the conducting channel and contact pads. Some RENs are ferromagnetic
semiconductors and have tunable physical properties allowing them to seamlessly
match with other materials in the device [11]. RENs consist of a Lanthanide 3- ion, and
a Nitrogen 3+ ion, have tunable conductivity, and become ferromagnetic at low tem-
peratures, allowing for potential high spin injection when acting as electrodes. RENs
also have the advantage of being compatible with existing semiconductor technology
bases. In producing a spin-injection device based on RENs, I have used Gadolinium
Nitride (GdN) for the ferromagnetic electrodes and copper for the transport channel.

Patterning with RENs is challenging, and using them in a spin injection transistor
has not been previously explored. This research was focused on the first step of many
- developing a proof of concept spin device using RENs as the ferromagnetic material.
Future iterations of the REN based spin-injection device can use a semiconductor as
the conducting channel material. With both the spin injector and channel materials
made of semiconductors, it will be possible to match the conductivity of the materials
of the transport channel, eliminating the conductivity mismatch problem and allowing
a highly efficient injection of spin.

This thesis is split into six sections, with this introduction being the initial. Second
is a theory section where the physics behind spintronics, spin transistors, and RENs
are explored, along with a mathematical look at the origin of the measurements tak-
ing place. Third is the experimental methods section where an overview of the device
growth processes and the measurement setup and techniques are discussed. Next the
experimental results are shown, followed by a discussion in the penultimate section.
Finally, the conclusions of this project are summarised and further research pathways
are explored.
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Chapter 2

Theory

In this section I will provide an introduction to spintronics, explain the conventional
electronic transistor, and how the spin transistor builds on it. The challenges being
faced acheiving a working and commercially viable spin transistor will be discussed,
as well as an overview of my chosen REN, GdN. Finally, an outline of the measurement
techniques used to determine the presence or absence of a spin current is detailed.

2.1 Introduction to spintronics

Spintronics is a field of technology that is concerned with manipulating the spin of the
electron. Spintronic devices can rely purely on spin or can be used together with the
electron charge to transmit and manipulate information. There are many potential ap-
plications of such technology, such as quantum computers, spin-logic devices, and the
spin transistor [9] [12][13].

The first spintronics technology was magnetic computer hard drives developed
through the use of giant magnetoresistance (GMR). Discovered in 1988 [14][15], GMR
is a change in resistance of 10 − 20% for a thin film of alternating ferromagnetic and
non-magnetic layers in a magnetic field. This originates from the different scattering
rates that electrons passing through the ferromagnetic layers have. These changes in
resistance are large enough to form easily measurable electrical resistance states of the
material; one that has high resistance, and one that has low. The scattering rate and
electrical resistance of the two states are dependent on the relative orientation of the
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6 CHAPTER 2. THEORY

spin to the magnetisation of the ferromagnetic and non-magnetic layers. The high
resistance state corresponds to an antiparallel alignment of the magnetisation of the
ferromagnets and the low resistance state to parallel alignment of the ferromagnets.
Therefore, by using a magnetic field to change the magnetic orientation of one layer,
the state of the system can be changed. Hence, technology that relies on the spin of the
electron can be developed.

Within a computer, there are three main essential types of device: long term storage,
short term memory, and logic. Currently, devices rely on electronically based random
access memory (RAM). RAM is where the data that is actively being used by the com-
puter is stored. The capacitors used for RAM leak their charge and require a nearly
constant power supply to maintain their charged state [16]. One application of spin-
tronics is looking to create energy-efficient magnetoresistance random access memory
(MRAM) for short term memory [17].

Information storage and retrieval in magnetic devices is performed by applying
a magnetic field to reorientate the magnetic domains, not to maintain them. Just as
with GMR, the state of the magnetic device is dependent on the relative orientation of
the layers within the device. Once this orientation has been set, it stays in that state
without needing to be actively powered. This makes MRAM a non-volatile type of
memory. Hence, MRAM could eliminate this excess power consumption of electronic
RAM, as applied power is only required for switching between or reading states, not
maintaining them.

Spintronics also has potential applications in logic, in particular in the transistors
that make up the core processors [18][17]. However, this has yet to be realised for
industrial use. To date, logic components have been based on semiconductor technol-
ogy, which is reaching its limits [4]. Consequently, alternative technologies for logic,
including spin-based logic such as spin transistors are of great interest.

A spin injection transistor only requires energy to change or read states, not to
maintain them and can be capable of maintaining that state even when the device is
turned off. Without this need for constant input energy, the overall static power use
could be lower than that of a conventional electronic transistor.
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2.2 Conventional Electronic Transistor

Electronic transistors are divided into two groups: bipolar junction transistors, and
field-effect transistors. Bipolar junction transistors (BJTs) consist of two junction diodes
formed by having either a p-type semiconductor between two n-type semiconductors
or the other way around. The very thin base layer is sandwiched between the collec-
tor and emitter (see figure 2.1a). BJTs are current-controlled and are commonly used
as amplifiers or switches. There are two currents within a BJT; a small one that goes
between the emitter and base, and a larger one that goes between the emitter and col-
lector. This small current controls the larger current by varying how many electrons
travel to/from the emitter, and hence can turn the BJT on and off [19].

Field-effect transistors (FETs) have a source, gate, and drain (see figure 2.1b). In
figure 2.1b we can also see that there are three regions in the body of the FET: one p, and
two n. The p and n regions correspond to a p-type and n-type doped semiconductor.
This semiconductor is commonly silicon, with p-type normally being doped by B, Ga,
In, or Al, and n-type using P, As, Sb, Bi, or Li [20].

(a) Bipolar junction transistor sourced

from [21]

(b) Field effect transistor sourced from

[22]

Figure 2.1: BJT and FET

In a FET, charge carriers flow from the source electrode to the drain electrode. The
gate is an electrode through which a voltage can be applied that controls the flow of
charge carriers between the source and drain electrodes (see figure 2.1b). Two states
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that are dependent on the gate voltage applied can be achieved: one where charge
flows, and one where it doesn’t. Many different FETs have been developed since the
initial junction FET, including the MOSFET [23].

Switching the transistor between allowing charge carriers to flow from the source
to drain, and preventing them from flowing, is controlled by the gate electrode. The
path between the source and drain electrodes is known as the conducting channel. By
applying a voltage through the gate electrode, the path between the source and drain
electrodes can be made to have higher or lower resistance. The gate voltage electro-
statically changes the chemical potential inside the conduction channel, changing the
size and shape of this path for the charge carriers. The conduction channel then accu-
mulates or is depleted of charge carriers, which allows current to flow or be turned off
respectively. Hence, changing the applied gate voltage allows the state of the transistor
to be controlled.

In some cases, this conducting channel does not automatically exist within the tran-
sistor. This occurs in both n and p-type enhancement mode transistors and requires a
certain value of positive and negative voltages respectively to turn ”on” these transis-
tors. The voltage required to do this is known as the threshold voltage.

When the conducting channel does automatically exist, the gate is used to create a
depletion zone in the conducting channel which increases the resistance of the path-
way from source to drain electrodes. This allows the transistor to be turned ”off”. This
is the case in both n and p-type depletion-mode transistors.

2.3 Spin transistor

Spin field-effect transistors, or spinFETs, were initially proposed in 1990 by Datta and
Das. Similar to electrical field-effect transistors, the spinFET consists of ferromagnetic
source and detector electrodes and can include a gate [5]. The simplest geometry of a
spinFET can be realised as two ferromagnetic electrodes that are connected by a non-
magnetic conducting channel (see figure 2.2).
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Figure 2.2: Altered spinFET schematic designed by Datta and Das [24]. The dark grey
strip between the two magnetic contacts (or ferromagnetic electrodes) is the conduct-
ing channel. S and D indicate the ferromagnetic source and drain electrodes.

A conventional electronic transistor works to control the flow of charge current, but
a spin transistor uses a ’spin polarised’ current [25]. Charge current is a mixture of spin
up and spin down electrons. Ferromagnetic materials have an imbalance of spin deter-
mined by the magnetisation of the material. When charge current is injected through
a ferromagnetic electrode the current is ‘spin polarised’. This means that the majority
of electrons injected are of the same spin. At the interface where the charge current is
injected, spin up and spin down electrons have different densities or electrochemical
potentials (ECP) as a result of the injected spin polarised current [25].

Far away from the interface, charge current in a non-ferromagnetic material should
have balanced spin densities. Therefore, along the conducting channel, the spin polar-
isation should decay away from the injection interface. This can also be described as
the ECP of the two spin states equalising the further away from the interface they are.
The distance it takes for the different ECP of the two spin states in a material to decay
is characterised by the spin diffusion length [25]. This decay of spin is called a spin
current [25].

If the conducting channel length is short enough, a polarised spin current will reach
the second ferromagnetic electrode. If the second ferromagnetic electrode has the same
magnetisation as the first, the spin current can enter the second ferromagnetic electrode
with low resistance (see figure 2.3). If it has antiparallel magnetisation, the resistance is
higher (see figure 2.3) [25]. These high and low resistance pathways are the two states
of the spin transistor.
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Figure 2.3: The top line of spins shows them reaching the second electrode with par-
allel alignment. The bottom shows the spins undergoing precession and reaching the
second electrode with an anti-parallel alignment. Altered and sourced from [25].

To switch between the high and low resistance states in a spinFET, a magnetic or
electric field can be applied to the conducting channel. This field causes the spins to
precess, resulting in a change in spin polarisation at the second ferromagnetic elec-
trode, causing the state of the transistor to change (see figure 2.3) [26]. Hence, the state
of the system can be switched without changing the magnetisation of the ferromag-
netic electrodes.

If the electrical current injected through the ferromagnetic electrode to the conduct-
ing channel does not flow through the conducting channel, there is no net flow of
electrons between the two ferromagnetic electrodes. As there is no charge current in
the conducting channel, the power dissipated is 0 as P = I2R. Therefore utilising a
spin current to control the two states of the transistor could result in a transistor with
lower power consumption than a conventional electronic transistor.

Another potential power-saving capability of a spin transistor over a conventional
electronic one is that the ferromagnetic electrodes hold their alignment regardless of
what state the transistor is in. Even when switched entirely off, the ferromagnetic elec-
trodes can preserve their magnetisation. As a spin transistor doesn’t need to put in
significant energy to maintain the state of the electrodes, it will predominantly dissi-
pate power through only dynamic processes. [27]
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2.4 The conductivity mismatch problem

For a spin injection transistor to be realised, there needs to be a high spin injection ef-
ficiency from the ferromagnetic electrode to the non-magnetic conducting channel to
provide a measurable spin voltage (see 2.6 for more details)[28].

To prevent a build-up of charge in the injector electrode, we want a continuous cur-
rent density throughout the interface between the electrode and conducting channel.
Continuous current density is required for high-efficiency injection of a spin current.
As J = σE, to produce continuous current, the conductivity of the two materials needs
to match, assuming that they are both subject to the same electric field E.

The spin injection coefficient, γ, is a way of describing whether spin injection is
likely to occur as a result of the relative conductivities of both materials [28]. The in-
jection coefficient is dependent on the ratio γ ∝ σNM

σFM
where σNM and σFM are the con-

ductivities of the non-magnetic conducting channel and the ferromagnetic electrodes
respectively [28]. The closer γ is to 1, the higher the spin injection efficiency. The
smaller γ is the lower the spin injection efficiency.

For a typical spin injection device fabricated with a semiconductor conducting chan-
nel and ferromagnetic metal electrodes where the ferromagnetic is cobalt [29] and the
semiconductor doped gallium nitride [30] we find

ρCobalt = 6× 10−6Ωcm

ρGaN = 0.02Ωcm
(2.1)

so

σCobalt = 1.67× 105Scm−1

σGaN = 50Scm−1
(2.2)

the spin injection coefficient is proportional to
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γ ∝ σGaN
σCobalt

=
50

1.67× 105
= 0.0003 = 0.3% (2.3)

Due to the conductivity mismatch between the electrodes and conducting channel
the spin injection efficiency is very low.

2.4.1 Solving the conductivity mismatch problem

One solution to this problem is to use tunnel junctions between the ferromagnetic elec-
trode and the semiconducting conducting channel [10]. Using a tunnel junction allows
spin injection to be done by quantum mechanical tunnelling of electrons and is not de-
pendent on the conductivities of the materials. By choosing a tunnel junction that has
a higher probability of tunnelling for one spin than the other, spin injection efficiency
can be higher [31]. A magnetic tunnel junction using a GaOx barrier between iron
electrodes and a magnesium oxide semiconducting layer was found to have a large
magnetoresistance change of 92% [32]. MgO has also been utilised as a tunnel junc-
tion between iron electrodes and a silicon semiconducting layer, producing 90% spin
injection polarisation [33]. A drawback of this method is the complexity of the tunnel
junction structure resulting in a difficult fabrication procedure.

Another way of solving this problem would be to use materials for the electrodes
and conducting channel that have similar conductivities. If a ferromagnetic semicon-
ductor with tunable conductivity was used for the electrodes instead of a ferromag-
netic metal, a device with σFM ≈ σNM such that σFM

σNM
≈ 1 could be developed. This

has been seen using the ferromagnetic semiconductor GaMnAs for the ferromagnetic
electrodes, and the semiconductor GaAs conducting channel to make a vertical metal-
oxide-semiconductor field-effect transistor [34]. It’s spin-dependent properties were
investigated, and it was found that the source-drain current could be adjusted by up
to 60%. A tunnelling magnetoresistance change of 60% was also observed, indicating
two clear states for the system. Although ferromagnetic semiconductors are rare, this
project explores the use of a different one for the ferromagnetic electrodes in a spin-
injection device.
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2.5 Rare-earth Nitrides

Rare-earth Nitrides (RENs) are mostly ionic compounds, with a central lanthanide ion
coordinated to six nitrogen ions (see figure 2.4). The lanthanide is usually in the 3+
state and the nitrogens in the 3- state. The lanthanide, or rare-earth, has valence elec-
trons in the 4f shell [11]. Electrons in the 4f shell have high angular momentum causing
them to be highly localized. The RENs form crystals in the rock-salt structure (see fig-
ure 2.4). The nitrogen component of the RENs gives three electron carriers per site.
Several of the RENs are ferromagnetic semiconductors, with ferromagnetic Curie tem-
peratures up to 70K [11]. Some RENs, including GdN, are also expected to have large
spin polarisations [35].

Figure 2.4: Rock-salt structure of a REN material, in this case Gadolinium nitride.
Sourced from [36].

The electrical conduction properties are generally governed by the rare-earth 5d
electrons whilst the magnetic properties are governed by the highly localized rare-
earth 4f electrons but are influenced by the number of nitrogen vacancies in the lattice
[11]. Nitrogen vacancies are introduced to the REN crystals during the growth [37].
The conductivity of the RENs is adjustable by changing the nitrogen pressure at which
the sample is grown. This is because at higher nitrogen pressures, fewer nitrogen va-
cancies can form in the REN lattice, so there is a lower carrier concentration relative to
lower nitrogen pressures. As a result, RENs grown at higher nitrogen pressures have
lower conductivity, compared to those grown at low nitrogen pressures.

In a previous study it was shown that the conductivity of GdN could also be tuned
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through magnesium doping across six orders of magnitude (see figure 2.5). The tun-
ability of the conductivity of GdN means it is a good choice for an all semiconductor
spin injection transistor, as the GdN can be grown to match that of the non-magnetic
conducting channel material.

Figure 2.5: GdN thin films at room temperature [37] with Mg doping.

RENs are volatile and will rapidly oxidize when exposed to atmosphere [11]. There
are two ways in which this can be minimised. One is to ensure that the RENs are grown
in ultra-high vacuum chambers to avoid contaminants whilst depositing on substrates.
The second is to ensure that before the samples are taken out of the chamber, a capping
layer of protective material such as Al, AlN, or GaN is deposited on top of the REN.
This allows the samples to be out in the atmosphere for measurements without immi-
nent degradation.

In this project, GdN was used as the material for the spin injection electrodes as
it has the highest observed onset Curie temperature of 70K with high carrier concen-
tration [38]. It is known to have a large spin polarisation [39], and is known to have
controllable resistivity [37]. GdN is also seen to be compatible with growth on semicon-
ductors such as GaN [40] [41], which could be utilised as a material for spin injection
transistors at a commercial level.
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The coercive field of GdN can be tuned between 20mT and as low as 1mT [7]. It has
small crystal directional dependence (anisotropy) which is what results in this small
coercive field. What we get is a ferromagnet which has an easily flippable magnetic
direction, making it ideal for a rewritable non-volatile device like a spin injection tran-
sistor. Any magnetic moment observed in GdN is a result of its half-filled 4f orbitals.
The magnetic moment is seen as 7µB from the Gd3+ ion when it is ferromagnetic [37].
GdN is also a narrow bandgap semiconductors with a down spin electron bandgap of
0.9eV and a 1.3eV bandgap for up spin electrons [42].

2.6 Spin-injection measurement

In other developments of spin injection devices, the spin injection measurement has
been previously conducted using spectroscopy [43][44], non local electrical setups [45][46][26],
and optically with Kerr microscopy [47][48]. The thesis is focused on electrical mea-
surements of spin injection devices, as this is what will be needed eventually to incor-
porate a fully realised spinFET into semiconductor electronics.

Spin injection measurements are set up to be done using a non-local geometry al-
lowing for a greater chance of measuring the spin-induced voltage than other config-
urations (see figure 2.6). The interpretation of electrical spin-transport measurements
can be complicated by magnetoresistance in the electrodes, local Hall effects, and other
extrinsic contributions to the signal [25]. A non-local measurement minimizes these
background effects by placing a spin detection electrode outside the path of charge
current.

As mentioned in 2.3, when the current is injected from the ferromagnetic electrode
into the conducting channel, most of the injected electrons have a spin which is aligned
with that of the injector ferromagnet (see figure 2.6). This produces a spin polarised
charge current, as a well as a separate pure spin current. This gives an accumulation
of spin in the conducting channel which can be described by the spin-dependent elec-
trochemical potential (ECP), ∆µ = µup − µdown.
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Figure 2.6: Non-local four point geometry measurement setup. Figure altered from
[49]

When the polarised charge current is injected, the density of up-spin electrons in
the non-magnetic conducting channel increases by shifting the electrochemical poten-
tial up by δµN . The density of down-spin electrons changes by−δµN [25]. Consequently,
the electrochemical potential undergoes a spin splitting of 2δµN . The spin current dif-
fuses along the conducting channel towards the second ferromagnetic electrode where
the ∆µ manifests as a measurable voltage, V2.

Although my devices were fabricated with a metallic channel, which is easier to
make while working on patterning a spin injection device from the RENs, the theory
for a spin injection device with a semiconductor channel illustrates clearly how the
spin current signal behaves. The measured voltage at the second ferromagnetic elec-
trode can be described by [50].

V2
I

= ±2RNe
− L
λN

2∏
i=1

(
PJ

Ri
RN

1− P 2
J

+
pF

RF
RN

1− p2F

)
×
[ 2∏
i=1

(1 +
2 Ri
RN

1− P 2
J

+
2RF
RN

1− p2F
)− e

−2L
λN

]−1
(2.4)

With PJ as the interfacial current polarisation, pF as the current polarisation of the
ferromagnet, and RF and RN the resistances of the ferromagnet and semiconductor
cross-sections respectively.

∏
is the Pi function and works by multiplying the relevant

terms up the maximum integer for i. The integer i represents the two electrodes in
the system. The cross-section between the two materials is the area of overlap at the
junction. We can also see that the voltage can be either positive or negative, and this
corresponds to the high and low resistance states resulting from the antiparallel and
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parallel magnetic alignments of the ferromagnets [50].

To gain information about spin transport within the spin injection device, we have
to determine how the behaviour of the spins depends on the relative states of the fer-
romagnetic electrodes. This signal can be thought about as either the resistance change

Rs =
Vs
I

(2.5)

or the change in voltage,

Vs = V P
2 − V AP

2 = 2|V2| (2.6)

when the alignment of the ferromagnetic electrodes changes from parallel to an-
tiparallel.

To determine a characteristic equation for my devices we start by substituting equa-
tion 2.4 into equation 2.6 and expand the

∏
function.

Applying the
∏

function to the first term we find

(
2|V2|
I

)numerator = 4RNe
− L
λN

(
PJ

R1

RN

1− P 2
J

+
pF

RF
RN

1− p2F

)(
PJ

R2

RN

1− P 2
J

+
pF

RF
RN

1− p2F

)
(2.7)

Assuming the electrochemical potentials between the semiconductor and ferromag-
netic layers are continuous, the interfacial conductance becomes Gi → ∞ [50]. This is
referred to as having transparent contacts. The interfacial current polarisation is pro-
portional to Gi as PJ =

|G↑i−G
↓
i |

Gi
. Therefore PJ → 0. Consequently the first two terms in

each bracket in (2.7) cancel to give
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(
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(2.8)

Applying the
∏

functions to the second term we find that

(
2|V2|
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)
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=
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2 R1

RN
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+
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− e

−2L
λN (2.9)

We can once again assume that PJ → 0. Following on from the assumption of trans-
parent contacts, we know that R1, R2 � RN [50]. Hence we can cancel the second term
in each bracket and then expand to find

(
2|V2|
I

)
denominator
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(
1 +

2RF
RN

1− p2F

)(
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4R2
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R2
N(1− p2F )

− e
−2L
λN

(2.10)

Assuming that the ferromagnetic electrodes are made of a more conductive material
than the conducting channel, RF ' 0.01RN . This is an assumption based on metallic
ferromagnetic electrodes and a more resistive conducting channel. Applying this, the
second order term is negligible producing

(
2|V2|
I

)
denominator

= 1 +
4RF

RN(1− p2F )
− e

−2L
λN (2.11)
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Combining both parts we are able to find that

Rs =
2|V2|
I

=
4R2

F

RN

( pF
1−p2F

)2e
−L
λN(

1 + 4RF
RN (1−p2F )

)
− e

−2L
λN

(2.12)

The voltage, and corresponding resistance measured for each of the two states is
dependent on the relative resistance of two materials.

Considering the cases where two materials used had similar resistances with RF '
RN , or the ferromagnetic material was more resistive than the conducting channel,
RF ' 10RN . In these cases, the assumptions applied to find equations 2.10 and 2.11 do
not hold, and the final equation for the resistance of the system will appear closer to
equations 2.8 and 2.9 . The dependence of the measured voltage on the relative resis-
tances of the materials used would change, but the dependence on the magnetisation
states for the electrodes as well as the exponential dependence on distance does not
change.
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Chapter 3

Experimental Methods

In this chapter the methods and processes of developing my spin injection device are
described across three sections. The first section explains the process of sample prepa-
ration, the second deals with the experimental techniques used to characterise my de-
vices, and the final section outlines the experimental setup developed for spin injection
and other low temperature measurements.

3.1 Sample fabrication

The process of growing the samples used in this research thesis required two main
steps. Thin-film microfabrication techniques such as photolithography and thermal
evaporation were used, as well as growth of GdN under ultra-high vacuum. The
equipment used was based in the clean room of the School of Chemical and Physi-
cal Sciences at VUW. My device consists of four copper contact pads, connected to two
GdN electrodes, that in turn are connected via a copper conducting channel (see fig-
ure 3.1b). Samples were all patterned and grown on 2-inch wafers of Si with 300nm
of SiO2. GdN readily forms a silicate [11], so the SiO2 formed a barrier to stop this
occurring. Each wafer had multiple devices patterned onto it, allowing for devices
with different dimensions to be fabricated simultaneously (see figure 3.1a). The dis-
tance between the ferromagnets was varied, as well as the width of the electrodes. The
distances were chosen to be 2µm, 5µm, and 10µm. The smallest distance of 2µm was
chosen as this is the lower limit of our patterning. It was important to ensure that de-
vices were made so that the distance between the electrodes was less than ∼ 5 times
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the spin diffusion length of copper at 10K, 1000nm [51]. This is because as seen in 2.12,
the signal from the spin injection decays exponentially with distance from the point of
injection. If the distance between the electrodes is too great, the spin signal is unlikely
to be measurable. The distance between the electrodes ranged between 2µm, 5µm, and
10µm as well, to provide variation in the area of spin injection possible. The shapes
of the ferromagnetic electrodes differ so that the electrodes switch magnetisation di-
rection at different applied magnetic fields, allowing for anti-parallel alignment of the
electrodes to be acheived.

(a) Mask design for full wafer (b) Design of one device

Figure 3.1: My photomasks were designed on LayoutEditor [52]. Yellow features rep-
resent where the copper would be deposited, and green features represent the GdN.
The white circle in (a) shows the outline of the wafer.

3.1.1 Photolithography

Photolithography (also known as optical lithography) is a common process used to pat-
tern thin films and/or substrates in microfabrication. Lithography itself refers to the
transfer of shapes on a mask to a smooth surface. In photolithography, light is used to
transfer a pattern from a photomask by interacting with the photosensitive photoresist
on the substrate. These photomasks are physical masks and allow light through in se-
lect areas. The photomasks used for my devices were produced at the Nanofabrication
Laboratory of University of Canterbury. During this step, the photoresist covered sub-
strate is exposed to UV light and is photopolymerized. This allows the photoresist to
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be soluble when exposed to photodeveloper. When submerged in photodeveloper, the
polymerized photoresist is removed, resulting in the desired pattern on the substrate.

The first step was patterning the substrate to allow for the deposition of copper to
form the contacts and conducting channel of my devices. There are four positional
alignment markers patterned into the substrate; two at either end of the middle col-
umn of devices, and two on either side of the three columns of devices. These align-
ment markers consist of nine 20 × 20µm squares in a checkerboard pattern (see figure
3.2a). The alignment marks make it easy to determine if there is any displacement or
rotational misalignment in the second step of photolithography. Each device is num-
bered for easy identification after growth. A single device with contacts can fit on a
10 × 10mm chip, with each device measuring 9.5 × 9.5mm at the outer contact edge.
All contact pads have dimensions 3×3mm, and have a separation of 3.5mm to allow for
easy manual connection of wires for electrical measurements (see figure 3.2b). Square
areas at the bottom of the full substrates can be used for any structural or magnetic
characterisations, as well as aiding in alignment (see figure 3.1a). Measurements only
required one device at a time to be in the PPMS, so all devices are a suitable distance
apart to ensure efficient substrate cleaving.

(a) Design of one set of alignment

marks

(b) One full device design with con-

tact pads

Figure 3.2: As with figure 3.1, yellow features represent where the copper would be
deposited, and green features represent the GdN.
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Photolithography recipe

1. Spin coat sample with AZ5214E at 4000 rpm for 60s

2. Soft bake coated sample for 1 minute at 95oC. This is used to evaporate the coating
solvent, and increase the density of the resist after spin coating.

3. Expose the entire wafer to UV light for 0.25s

4. Hard bake sample for 2 minutes at 110oC. This is to stabilize and harden the
photoresist before processing steps that use the photomask. It also removes any
traces of the solvent or excess developer and improves adhesion of the photore-
sist to the wafer surface.

5. UV expose for 12s through aligned patterned photomask.

6. Develop baked sample in 4:1 deionised water and 351:B photodeveloper solution
for 20s

7. Double rinse wafer in deionised water and blow dry with nitrogen

8. Store sample in a container for up to two months. Does not have to be in vacuum
unless sample already contains materials sensitive to air

This process was developed by Dr Leo Browning for his PhD [53].

It is important to check the substrate under the microscope at each step to ensure
development is fully realised, and there is no residual photoresist or developer. This is
important for clarity of the pattern, and to ensure no contamination from this process.

The photoresist AZ5214E was chosen as it consistently gave clean edge definition
on the devices. Sample steps 3 and 5 were done on a Karl Suss MJB3 Mask Aligner.

3.1.2 Contact pad deposition

Using the Angstrom engineering evaporator I evaporated copper and chrome onto
a sample after the first step of photolithography was complete. Both the copper and



3.1. SAMPLE FABRICATION 25

chrome to make the contacts and conducting channel were thermally evaporated. Cop-
per was chosen as to ensure maximum signal at the second ferromagnet, the conduct-
ing channel material needed to have a long spin diffusion length [25]. Moreover, the
conducting channel material needs to be non-magnetic to not disrupt spin injection.
Copper is also non-toxic and cheap so was appropriate as the material for the contacts.
Chrome was evaporated to provide an adhesion layer so the copper would stick to the
substrate and not be removed during lift-off (see figure 3.3).

(a) Without chrome layer (b) With chrome layer.

Figure 3.3: Full wafers after copper deposition with and without adhesive chrome
layer under copper. The wafer without chrome has a layer of resist from the pho-
tolithographic patterning of the GdN electrodes resulting in the difference in colour.

Wafers were taped photoresist side up onto the rotating holder and placed into the
evaporation chamber upside down. The evaporator was left to pump down overnight
to achieve the best possible vacuum. This is required, as while evaporating the pres-
sure inside the chamber increases, and if it exceeds 5 × 10−5 Torr the evaporator will
trigger a safety interlock and automatically shut down. This low-pressure environ-
ment decreases the number of contaminants that can end up deposited on the sample
during evaporation to produce highly conductive contacts. Ideally, the base pressure
when starting the evaporation is 1× 10−6 Torr.

The metal is evaporated from the bottom of the evaporator, while the wafer is on
the underside of the rotating platform. The holder rotates during the evaporation re-
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sulting in a uniform deposition of the evaporated material. A shutter within the evap-
oration chamber allows for deposition to only occur when the material is evaporating
at the desired rate and is also used to stop deposition when required. First, the 5nm of
chrome was evaporated, and then 50nm of copper with the entire thermal evaporation
process taking just under an hour. After the evaporation was complete, the evaporator
was stopped and vented to atmosphere so the samples could be removed for the next
step of device fabrication.

Lift-off was done to remove any unnecessary material after deposition. The sam-
ples were left in acetone, and any part of the wafer not exposed to UV light during the
photolithography process ”lifts-off” the wafer, leaving only the patterned areas with
the Cr/Cu layer (See figure 3.3).

Lift-off recipe

1. Submerge wafer in glass container with acetone for 1-2 hours.

2. Place in a new glass container with acetone and sonicate for 1 minute.

3. Rinse with isopropyl alcohol and then deionised water.

4. Dry with nitrogen.

3.1.3 Patterning of GdN electrodes

After the wafer has gone through liftoff to remove unwanted copper, the substrate then
goes through the second step of photolithography to pattern the ferromagnetic GdN
electrodes. The second mask also has four alignment markers. This time the four cor-
ner markers consist of a set of four 20x20µm squares which fit inside the previously
patterned nine copper alignment squares (see figure 3.2a). After photolithography has
been completed, the GdN is grown along with the capping layer to protect the GdN
from oxidising in atmospheric conditions. Both GaN and AlN were chosen as capping
layers due to previous success in preventing oxidation of the GdN samples, and their
ability to be seamlessly deposited on top of the GdN layer [54][11].
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Ideally, the ferromagnets should be as close to pure GdN as possible to avoid oxi-
dation and other negative impacts of contaminants. This ensures that our devices will
have the required electrical and magnetic properties to establish spin injection and
detection. To do this, the GdN and capping layer were grown in ultra-high vacuum
(UHV) chambers. These chambers are made of stainless steel and the pressure can be
kept below 1× 10−8mbar (1× 10−9Torr). Inside these chambers we can grow both the
GdN and the capping layer via physical vapour deposition (PVD), and ensure that the
GdN does not come into direct contact with the atmosphere until after the protective
capping layer is deposited.

After the wafer is loaded into the UHV chamber, the Gd held in a crucible is heated
with an electron gun until it evaporates. At this point, it is exposed to an atmosphere
of nitrogen at a partial pressure around 10−5mbar to 10−4mbar. The Gd catalytically
cracks the molecular nitrogen to form GdN. This forms on the substrate (as well as
surrounding chamber walls) to be the thin film growth (see figure 3.4). Once the GdN
is at the desired thickness, the capping layer is deposited. After this, the wafer is re-
moved from the UHV chamber and undergoes liftoff again to remove the excess GdN
from the wafer. It is then stored in a desiccator to limit atmosphere exposure. Refer to
chapter 4 for specific growth details for the GdN and capping layer.

Figure 3.4: Growth of GdN, with e-gun heated Gd (bottom right), and N2 (bottom left)
onto patterned silicon wafer (top).
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3.2 Characterisation Equipment

X-ray diffraction (XRD) was used to determine the materials present within my sam-
ples. The principles of XRD can be found in Introduction to Solid State Physics 8th
Edition by Charles Kittel [55]. The X-ray diffractometer used was a Bruker D8 Ad-
vance system using a cobalt Kα X-ray source with a wavelength of 1.789Å based at the
Gracefield campus of Callaghan Innovation. A 2Θ sweep from 200 to 900 was done to
determine the presence and orientation of the GdN crystals grown (see figure 3.5). As
the width of the GdN electrodes was less than 10um wide, XRD data was not collected
using a spin injection device (see figure 3.1a).

Figure 3.5: X-ray diffractometer similar to that at Callaghan Innovation used to help
characterise my devices. Sourced from [56].

The Quantum Design Physical Properties Measurement System (PPMS) based at
the Robinson Research Institute was also used for characterisation (see figure 3.6).
Samples can be exposed to magnetic fields of up to ±9 T, and temperatures between
1.9 and 400K. For my samples, it was used to characterise the REN through measuring
the resistance. Just checking the resistance allowed us to determine if a good electrical
contact had been made.
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Figure 3.6: PPMS used for characterisation.

By cooling down the sample, it was used to determine the resistance as a function
of temperature. This told us about the conductivity of the GdN. If the resistance drops
at a lower temperature it is metal-like, and if the resistance were to increase at a lower
temperature it is semiconductor-like. My devices were put on the horizontal rotator,
and placed in the PPMS (see figure 3.7). The horizontal rotator enables a transport
sample to be rotated over a full 360o in the presence of an applied magnetic field.

Figure 3.7: PPMS puck with wire connections made, placed in the horizontal rotator.

My sample was attached to the standard PPMS rotator puck using GE varnish.
The sample was then electrically connected to the puck using annealed silver wire
of diameter 0.125mm. The silver wire purchased from Goodfellow was attached to
the puck using solder, and then to copper contact pads of the sample with RS PRO
silver conductive paint. To ensure the paint fully dried and would have a reliable
electrical connection, the sample holder with the sample was put in an oven at 120oC
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for 30 minutes. Once the sample was attached and the wire connections had been
made, the puck was plugged into the horizontal rotator that was put in the PPMS for
measurement (see figure 3.7).

3.3 Spin-injection measurement system

A spin-injection measurement system was set up during this project for electrical spin-
transport measurements for future developed spin-injection devices. This was greatly
supported by the Shiraishi Laboratory at the Department of Electronic Science and En-
gineering, Kyoto University, whose collaboration helped streamline our physical sys-
tem set up, but also contributed the LabVIEW program used to run our equipment.

Figure 3.8: Full setup of spin-injection measurement system.

There are five main parts of the spin-injection measurement system (see figure 3.8).
The first is the current source. The current is produced by a Keithley 6220 precision
current source (see figure 3.9a). This, when connected to the rest of the equipment,
is controlled by the LabVIEW program to input current through to the sample in the
PPMS. The PPMS acts as the measurement chamber and is also controlled by the Lab-
VIEW program. It allows the sample to be exposed to the variations in temperature
and magnetic field during an experiment. As detailed in chapter 3.2, the sample is put
onto the puck and horizontal rotator and placed in the PPMS. This connects the electri-
cal contacts from the sample to the outside of the chamber, where it can be eventually
connected to the current and voltmeters. When the experiment is running, the voltage
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is measured by one of two Keithley 2182A nanovoltmeters (see figure 3.9a).

(a) Current source (top) and Nano-

voltmeters

(b) LabVIEW computer with breakout

box, current source, and voltmeters

Figure 3.9

The next part of the set up is the breakout box. The breakout box allows us to
control current flow through the device and allows the configuration of the current
flow and voltage measurements to be easily rearranged. My breakout box design (see
figures 3.10b and 3.10a) was modelled off that at Kyoto University in the Shiraishi Lab-
oratory. It has a 10kΩ resistor in series with the connection to the PPMS, as well as
being connected to two 20kΩ and a 100Ω resistor located between the current source
and breakout box. These resistors stop the current from instantaneously going through
the sample in the PPMS, as well as slowly dissipating any built up charge or voltage
difference between the connections, preventing damage to the device from an overload
of current. Each of the ports on the front of the breakout box is connected to a different
spoke on the PPMS cable (see figure 3.10a). This means that in order to change the
configuration of the measurement, the device does not need to be rewired, rather only
the cables on the front of the breakout box need to be changed.
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(a) Front panel of breakout box

(b) Internal wiring of breakout box

Figure 3.10: Breakout box

The final part is the LabVIEW program which controls all equipment used in the
experimental setup. LabVIEW is a visual programming software from National Instru-
ments, useful for controlling lab equipment [57]. Written into the code is the electrical
current chosen to go through the device, the temperature(s) the devices are exposed to,
and the rate of magnetic field sweeping if applicable. The program reads the voltages
measured using the nanovoltmeters and writes it into allocated files. The program al-
lows the temperature, applied magnetic field, applied current, and the intervals of the
temperature and field to be changed as required.

The measurements require the following steps to be done in this exact order so as
to avoid overloading the device being measured with the current.

1. First the sample is connected to the puck, put on the horizontal rotator and put
into the PPMS (see chapter 3.2).

2. On the computor that directly conrols the PPMS, a program called MutliVu is first
set up to allow connection over the local network to the computor that controls
the LabVIEW program. The LabVIEW programme will control the PPMS via
MultiVu.

3. Next, the voltmeters and current source are connected to the breakout box in
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the desired configuration for the chosen measurement. Ensure the PPMS is con-
nected to the breakout box. Check that all connections on the breakout box are in
the ”off” position aside from the required connections.

4. Ensure the current source is connected so that the applied current must travel
through each 10kΩ, 20kΩ, and 100Ω resistors before going to the PPMS. Check
that the variable 20kΩ resistors are at their highest value, with the knobs turned
fully to the right.

5. Set the current on the current source to 0µA and switch the current on. Slowly
start dialling down the resistances between the current source and PPMS. First
the 20kΩ resistors, then the 100Ω resistor, and finally the 10kΩ resistor.

6. Open LabVIEW program, and start the measurement. This will begin the cooling
down of the sample.

7. Once the measurement is complete, ensure the current applied is 0A. Then turn
up the resistance for each resistor between the current source and PPMS, and
switch the breakout box’s connections to be shorted. Next remove the sample
from the PPMS, and place in a desiccator for storage.



34 CHAPTER 3. EXPERIMENTAL METHODS



Chapter 4

Results and Discussion

In this chapter the results of my project and a discussion of them are presented and
split into two sections. The first section details the fabrication of the GdN based spin
injection devices, while the second deals with the tests done on the fabricated devices
to determine their integrity.

4.1 Fabrication

Three wafers resulted in successfully fabricated spin injection devices. These fabrica-
tions were not focused on matching the conductivity of the GdN to the copper, rather
the goal was to determine if the device design and lithography based fabrication for
making spin injection devices using GdN apply to a real-life situation, and what limi-
tations the fabrication process is subject to.

4.1.1 GdN growth results

Of these three wafers, two GdN depositions were grown to be insulating, and the other
was grown to be more conductive (see table 4.1 for growth conditions). All three wafers
were grown in the Thermionics UHV system of the spintronics group of SCPS at VUW
by Dr Denis Lefebvre and Dr Franck Natali. The two insulating samples had two dif-
ferent insulating capping layers: AlN and GaN. These samples will be referred to as
W1 and W2 respectively. When these insulating capping layers were used, the entire
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GdN layer was transparent, and allowed for the overlap between the copper and GdN
to be seen (see figure 4.1).

Figure 4.1: Microscope photo of sample W2 that was capped with insulating GaN. This
device had a distance of 10µm between electrodes. The overlap of the electrodes and
the conducting channel and contacts can be easily seen due to the transparency of the
GdN and GaN.

Figure 4.2: Microscope photo of a 5µm device from W3. The capping layer is not
transparent and there are droplet-like features on the surface.

The relatively conductively grown GdN device had a conductive GaN capping
layer. This sample will be referred to as W3 (see figure 4.2). This conductive GaN
capping layer had a low resistance of 150Ω. The growth rate of this conductive sample
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was unstable and likely resulted in a metallic-like capping layer, rather than a semi-
conductor one.

W1 had GdN grown at a nitrogen partial pressure of 2.16× 10−4mbar, W2 at 2.20×
10−4mbar, and W3 at 5.30 × 10−5mbar. This change in nitrogen pressure that the Gd
was exposed to results in a difference in conductivity of the final GdN. As W1 and W2
were grown at a higher nitrogen partial pressure, there are fewer nitrogen vacancies
in the final GdN lattice [37]. This results in a lower conductivity of the GdN. W3 was
grown at a nitrogen pressure an order of magnitude lower than W1 and W2. A full
summary of growth conditions can be seen in table 4.1 below.

Table 4.1: Growth conditions of GdN and capping layers

Sample N2

Pressure:
GdN

N2 Pressure:
Capping

layer

Thickness:
GdN

Thickness:
Capping

layer

Relative
Conductivity

W1 2.16× 10−4 2.22× 10−4 55nm 30nm Insulating
W2 2.20× 10−4 2.59× 10−4 40nm 30nm Insulating
W3 5.30× 10−5 2.28× 10−4 40nm 30nm Conductive

4.1.2 Fabrication results for 10µm, 5µm, and 2µm channel lengths

Consistently 10µm and 5µm devices were able to be fully fabricated on each wafer, al-
though some were unable to be fully realised. Copper deposition and the second layer
of photolithographic patterning for the 10µm and 5µm devices were always success-
ful, but lift-off of the GdN layer did not always result in fully separated electrodes (see
figure 4.3). For successful spin-injection, the two electrodes need to be seperate and
clearly defined.

Fully completed 2µm devices were not able to be fabricated using my process. This
is likely due to limitations from the wavelength of light used for the lamp in the mask
aligner, as 2µm is the sterical limit of patterning of the mask aligner used.
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Figure 4.3: Microscope photo of sample with an insulating capping layer of GaN from
the same wafer as W2 that didn’t successfully complete liftoff after GdN deposition.
This device was designed to have a 5µm electrode separation. The electrodes are fused
together providing no conducting channel path for spins to diffuse along.

4.1.3 XRD characterisation for GdN electrodes

XRD was used to determine the crystal structure of the films. The squares patterned
on the bottom of my wafer only showed peaks from the silicon substrate, as they were
too small to be reliably lined up with the x-ray beam. Figure 4.4 shows data from a
GdN sample with a GaN capping layer grown on silicon at a nitrogen partial pressure
of 3 × 10−4mbar, the same as W2 [58]. The peaks corresponding to GdN are labelled
with their Miller indices.

Figure 4.4: XRD data of GdN with GaN capping layer grown in similar conditions to
W2.
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4.1.4 Fabrication results discussion

The fabrication process encountered several issues within the photolithography pro-
cess. The developer used became contaminated, as well as the mask aligner lamp
needing replacement. Both of these issues presented as a smearing away of the resist
pattern towards the centre of my contacts, consequently where my devices were. This
resulted in my device pattern not being properly defined. Development of this incom-
plete pattern also took up to 5 minutes, or approximately 15 times longer than usual
(see 3.1). This was solved by both changing the lamp and also by remaking the devel-
oper.

Lift-off of the GdN electrodes had to be monitored, as sonication for even 5 minutes
proved to damage the electrodes, and rip parts of them off the substrate. Tiny features
of the order of my GdN electrodes are more sensitive to the vigorous shaking in soni-
cation, hence the failed lift-off. Samples were instead soaked in acetone for 1-2 hours
without sonication, and then checked under the microscope to ensure no residual GdN
was left outside the patterned area. If at this point any was apparent, the whole wafer
was put in acetone and sonicated for 1 minute before being checked again. This ad-
ditional caution in lift-off of the GdN electrodes was usually successful in preventing
damage to the electrodes.

If the sample did not develop cleanly or took much longer to develop, the developer
had likely been contaminated. When this was suspected, developing for 10 seconds at
a time and noting the rate of development and whether features can be realised, or test-
ing with another developer (such as AZ Developer MIC) confirmed contamination. In
this case, remixing the developer used, and being diligent about the timing of devel-
opment allowed for realisation of the patterned resist.

4.1.5 GdN and copper contact results discussion

The copper contacts appeared to be of good quality as seen under the microscope, and
when they were grown they had a consistent deposition rate of 0.4Å/s as measured by
the evaporator’s thickness monitor. However, the quality of the GdN was not as cer-
tain. The evaporation of the metals for the insulating capping layers was not entirely
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consistent (both the aluminium and galium had varying deposition rates) so sections
of the capping layers may be more metallic than others, not creating a uniform elec-
trical environment. The conductively grown GaN capping layer appeared smooth at
a macroscopic level, but upon inspection under the microscope, it was apparent that
there were droplet like formations on the surface (see figure 4.2). These are likely pure
galium or at least gallium rich metal droplets. Their presence suggests a non-uniform
deposition, with potential inconsistencies at the GdN-GaN interface.

Another undetermined aspect of fabrication is whether there was a consistent path
for electrons between the conducting channel and contacts connected to the GdN elec-
trodes. If the GdN layer was not thick enough, it may not be fully connected down the
sides of the copper layer resulting in an inconsistent pathway for the electrons associ-
ated with the spin transport.

4.2 Device testing

After fabrication was complete, devices were tested to determine the integrity of the
electrical contacts both through the spin-injection device and also between the spin-
injection device and the PPMS rotator puck. Electrical testing was done using hand-
held ohmmeters, as well as the voltmeters, current source, and breakout box used in
the spin injection measurement system setup (see section 3.3 for more details).

Testing done using the handheld meter was to take rough measurements to deter-
mine the quality of the copper conducting channel, as well as to determine the order of
magnitude of the resistance across all electrical pathways in the spin-injection device;
through the copper conducting channel, through one GdN electrode, or through both
GdN electrodes (see figure 4.5). Both GdN electrodes had to be measured to determine
their integrity, as both are required for the measurement of the spin current.

Once it is established that the spin-injection device was fully intact and had suffi-
cient electrical contact through all parts of the device, accurate resistance readings of
each pathway can be taken using the spin-injection measurement system setup. By
controlling the current through the use of the Keithley 6220 Precision Current Source
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(see figure 3.9a), we can also find the IV curve, to determine the dominating electrical
behaviour of the pathway through one GdN electrode at room temperature (see figure
4.5).

Figure 4.5: Current and voltage measurement geometries were chosen in reference to
which contact pads the current would be sent through and where the voltage would
be measured. The following electrical tests will be described in reference to A, B, C,
and D as shown here.

4.2.1 Resistance measurements

Resistance measurements using the current source and voltmeters were done using
both two and three-point resistance measurements. Two-point measurements were
done initially using the handheld device to determine the existence of an electrical
pathway, whereas three point measurements were done using the spin-injection mea-
surement setup to measure the resistance through each pathway. This was chosen as
voltage measured using a three-point geometry has less noise as the resistance of one
voltage lead was excluded from the measurement. It was essential to know that the
pathways could conduct and had reasonable resistances: if they were too insulating,
a reliable current (minimum∼ 1µA) would not be able to be passed through the device.

Four-point measurements were not done due to the design of my spin-injection de-
vice. To measure the electrical voltage, we need the voltage to be measured across two
points: one at the same voltage as the start of the electrical current, and the other the
end. This cannot be achieved with my spin-injection device geometry. The conducting
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channel connects points A and B, but points C and D are not connected directly; they
are connected via two relatively resistive pathways (the GdN electrodes). If the current
goes from A to C, then it does not travel through B and D. This means that B and D
are both at the same voltage, 0V relative to each other. Therefore, if a four-point mea-
surement were to be done by sending current from A to C, and measuring the voltage
across B and D, the voltage would be measured as 0V . This is the case with all other
four-point configurations. Therefore a three-point IV measurement is the highest accu-
racy measurement that can be taken.

The resistance measurements of W2 and W3 are seen below in tables 4.2 and 4.3
respectively.

Part of device Current Path Voltage Path Resistance

Second electrode BC AD 25kΩ

Second electrode AD BD 27kΩ

Conducting channel AD AB 32.5Ω

First electrode AD AC Off scale

Table 4.2: Resistance measurements for W2. Refer to figure 4.5 for geometries.

Part of device Current Path Voltage Path Resistance

First electrode AD AC 175Ω

Second electrode BC BD 62Ω

Conducting channel AD AB 34Ω

Table 4.3: Resistance measurements for W3. Refer to figure 4.5 for geometries.

Across all samples, the copper conducting channel and contact pads had a resis-
tance of 33 ± 4Ω. This indicates lithography was successful at fabricating the copper
conducting channel and contact pads. When there was an unreliable electrical path
through the GdN electrodes, a resistance of over 1MΩ was measured. In these cases,
no currents higher than 1nA could be sent through the spin-injection device. These
off-scale resistance values were likely caused by oxidation of the GdN or a disconnect
between the GdN electrode and the copper conducting channel or copper contacts, all
resulting in a highly insulating electrical pathway. W2 had more resistive pathways
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through the GdN electrodes than W3. This is due to W2 being grown to be less con-
ductive than W3, and also having an insulating capping layer. W3 was grown to be
more conductive so has a less resistive GdN. However, as the resistances measured in
W3 are what is expected of a metallic-like material, the current likely travelled through
the capping layer as well, not just the GdN. W3 was the only device that had all elec-
trical pathways intact enough to give a resistance measurement across all of them. W1
and W2 had one GdN pathway that had off-scale resistance.

Temperature dependent resistance measurement

Using the PPMS, the resistance as a function of temperature was measured for W3 and
is summarised in table 4.4 below. The purpose of this was to determine whether the
pathway through the electrodes was predominantly semiconducting or more metallic.

Temperature Resistance

300 K 12.72Ω

107.5 K 10.58Ω

Table 4.4: Resistance vs. temperature measurements for W3.

High accuracy was not required for this measurement as it was to gauge the general
behaviour of the device when exposed to different temperatures. The current source of
1mA travelled from C to D (see figure 4.5), and the voltage was measured across C and
D making this a two-point measurement. The resistance is seen to decrease with tem-
perature indicating that the behaviour of the pathway through both GdN electrodes is
predominantly metallic. This is likely due to the high conductivity of the GaN capping
layer and copper contacts and conducting channel dominating the measurable resis-
tance



44 CHAPTER 4. RESULTS AND DISCUSSION

4.2.2 IV measurements

Initial IV measurements were taken across both of the ferromagnetic electrodes in W3
as seen in figure 4.6.

Figure 4.6: IV data from W3. Pink is data from across the first electrode, blue is from
the second. See table 4.3 for details on the geometry used.

The second electrode shows a more linear relationship between the current and
voltage, suggesting it is more metallic-like. The first electrode has an increase in volt-
age at 2µA, suggesting a more semi-conducting pathway across that junction.

4.2.3 Discussion of electrical testing results

Interestingly, W3 having a metallic-like GaN capping layer had all electrical contacts
functioning, whereas the other samples capped with insulating GaN did not have read-
able voltages through one of the GdN electrodes. It could be argued that this is because
of the metallic-like electrical properties of the relatively conducting GaN providing an
easier and more intact path for the electrical current to travel through than just the
comparatively insulating GdN, the context of these films growths need to be taken
into account.
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W3 was grown the day before testing and had minimal atmosphere exposure dur-
ing that time. This device was fabricated under perfect conditions and had clean edges
on all features. The GdN was purposely grown to be more conductive. W1 and W2
were fabricated up to a week before being tested, and W2 was exposed to the atmo-
sphere for nearly 12 hours. Even though the GdN electrodes didn’t oxidise entirely,
edges of the GdN that weren’t fully encased by the capping layer may have begun to,
inhibiting a full range of pathways for the current. The contact between the electrodes
and the copper was only 5µm wide in places, so even minimal oxidation could have a
substantial impact.

Figure 4.7: Oxidation on the surface of a samarium nitride sample [36].

W2 under a microscope (see figure 4.1) had no observable oxidation on the surface.
Oxidation appears as flaky metallic spots across the surface of the GdN (see figure 4.7).
An alternative is that the GdN layer was not fully connected across entire growth. The
deposition is designed to be uniform and perpendicular to the substrate. However, if
the GdN layer is not as thick as the chrome and copper, it may not connect across the
whole electrode (see figure 4.8). Although the GdN may be non-continuous, there is
still a path for the electrons through the conducting copper. However, the separated
GdN could be more susceptible to oxidation at points where the copper and GdN need
to come into contact, degrading the spin-injection device. Due to the different shapes
of the electrodes, it is possible that this may only occur in one out of the two electrodes,
and could explain the inconsistency seen in some devices.
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Figure 4.8: The green GdN layer is not as thick as the orange copper, so the GdN
electrode is not continuous across the copper conducting channel/contact pads.

For preliminary testing, a highly conductive GdN layer with an insulating capping
layer would be the best choice. If a conductive or metallic-like capping layer is used, it
can be difficult to distinguish the resistivity and functionality of the GdN, as the over-
all resistance of the system is determined by that of the capping layer. This may also be
the case for future spin-injection measurements, as if the electrons are predominantly
transported through the metallic-like capping layer, it may present issues regarding
how much of the injected current is spin-polarised. However, this will require more
investigation before a conclusion can be reached.

4.2.4 Durability of samples in testing

There was a tendency for the samples to increase resistance by three orders of mag-
nitude within a few days. IV measurements were taken of W3 once this was seen to
occur. This was done using the voltmeters and current source from the spin injection
measurement set-up for W3 across the second GdN electrode (see figure 4.9). These
were taken after W3 was removed from the PPMS.

Current went from A to D, with the voltage being measured across B and D (see
figure 4.5). As seen previously in figure 4.6 as the pink data set, this testing config-
uration initially suggested a non-linear relationship between the current and voltage.
However in figure 4.9, the data is linear, indicating metallic-like behaviour of this path-
way. A maximum of 10.3µAwas able to be sent through this pathway, compared to the
several mA in figure 4.6. W3 was then looked at under the microscope after this IV
measurement was taken.
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Figure 4.9: Data collected from W3 after being in the PPMS.

(a) W3 before PPMS (b) W3 after PPMS

Figure 4.10: Difference in spin injection device W3 before and after being measured in
the PPMS. Three days separate these two microscope pictures.

Upon inspection under the microscope, the GdN electrodes are mostly intact, and it
is predominantly the copper that came off (see figure 4.10b). This shows that the GdN
electrodes adhere well to the Si/SiO2 substrate, more so than the chrome and copper.
There are several possibilities into what caused the chrome and copper to be removed
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from the substrate. One is that it is the result of the temperature-dependent measure-
ments reported in section 4.2.1 that were done in the PPMS. There is still some residue
of the conducting channel and connections to the contact pads (see figure 4.10b), so
there may still be chrome on the substrate and it may be that just the thicker copper
layer peeled off. This may be due to a mismatch between the thermal coefficient of
expansion for the Si/SiO2 substrate and the copper. The thermal coefficient of copper
is 16.5µmm−1K−1 [59] which is eight times higher than that of silicon, 2.6µmm−1K−1

[59]. This means that the copper could have shrunk up to eight times as much as the
silicon when being cooled and had to expand the same amount when heated. The
temperature change during the RT measurement was relatively fast at 10K/min, so a
build-up of stress from thermal expansion is likely. In the future, changing the temper-
ature more slowly could avoid the build-up of stress that may have caused the copper
to peel off.



Chapter 5

Conclusions and Future Work

A spin-injection device using GdN as the material for the ferromagnetic electrodes
was designed and fabricated using photolithography, thermal evaporation, and phys-
ical vapour deposition. Fabrication issues were identified and an optimal method was
determined. These devices were characterised and then electrically tested to deter-
mine their resistance and electrical integrity. It was found that the copper conducting
channel had a consistent resistance of 33 ± 4Ω, and that devices with a conducting
channel length of 5µm and 10µm could be successfully fabricated, whilst those with
2µm conducting channel lengths could not. Devices often had only one GdN electrode
intact enough to provide a usable electrical pathway. This is possibly due to oxidation,
highly insulating GdN electrodes, or insufficient deposition to create fully connected
GdN electrodes.

To further this project towards a fully realisable spin-injection transistor, develop-
ments to my design need to be made. These could include ensuring durability of cop-
per in temperature dependent experiments, developing the design of the spin-injection
device to allow for smaller features to be patterned, and moving on to use electron-
beam lithography for REN patterning. An investigation into the applicability of a
range of GdN conductivities would be useful, as well as determining the overall in-
fluence of the capping layer on the electrical pathways, and how this might affect the
polarisation of the injected current.

49



50 CHAPTER 5. CONCLUSIONS AND FUTURE WORK



Bibliography

[1] R. Danilak, “Why Energy Is A Big And Rapidly Grow-
ing Problem For Data Centers,” 2017. [Online]. Avail-
able: https://www.forbes.com/sites/forbestechcouncil/2017/12/15/
why-energy-is-a-big-and-rapidly-growing-problem-for-data-centers/{#}
11366f7d5a30

[2] A. Vaughan, “How viral cat videos are warming the planet,” 2015. [On-
line]. Available: https://www.theguardian.com/environment/2015/sep/25/
server-data-centre-emissions-air-travel-web-google-facebook-greenhouse-gas

[3] P. Greaves, “Data centres – the world’s great-
est energy guzzlers.” [Online]. Available: https://www.
aurecongroup.com/thinking/insights/data-centres-for-the-digital-age/
data-centres-the-worlds-greatest-energy-guzzlers

[4] R. K. Cavin, P. Lugli, and V. V. Zhirnov, “Science and engineering beyond Moore’s
law,” Proceedings of the IEEE, vol. 100, no. Special Centennial Issue, pp. 1720–1749,
2012.

[5] S. Datta and B. Das, “Electronic analog of the electro-optic modulator,”
Applied Physics Letters, vol. 56, no. 7, pp. 665–667, 1990. [Online]. Available:
https://doi.org/10.1063/1.102730

[6] S. Sato, M. Tanaka, and R. Nakane, “Spin transport in Si-based spin metal-
oxide-semiconductor field-effect transistors: Spin drift effect in the inversion
channel and spin relaxation in the n+-Si source/drain regions,” arXiv preprint
arXiv:2003.02415, 2020.

[7] B. M. Ludbrook, I. L. Farrell, M. Kuebel, B. J. Ruck, A. R. H. Preston, H. J.
Trodahl, L. Ranno, R. J. Reeves, and S. M. Durbin, “Growth and properties of

51

https://www.forbes.com/sites/forbestechcouncil/2017/12/15/why-energy-is-a-big-and-rapidly-growing-problem-for-data-centers/{#}11366f7d5a30
https://www.forbes.com/sites/forbestechcouncil/2017/12/15/why-energy-is-a-big-and-rapidly-growing-problem-for-data-centers/{#}11366f7d5a30
https://www.forbes.com/sites/forbestechcouncil/2017/12/15/why-energy-is-a-big-and-rapidly-growing-problem-for-data-centers/{#}11366f7d5a30
https://www.theguardian.com/environment/2015/sep/25/server-data-centre-emissions-air-travel-web-google-facebook-greenhouse-gas
https://www.theguardian.com/environment/2015/sep/25/server-data-centre-emissions-air-travel-web-google-facebook-greenhouse-gas
https://www.aurecongroup.com/thinking/insights/data-centres-for-the-digital-age/data-centres-the-worlds-greatest-energy-guzzlers
https://www.aurecongroup.com/thinking/insights/data-centres-for-the-digital-age/data-centres-the-worlds-greatest-energy-guzzlers
https://www.aurecongroup.com/thinking/insights/data-centres-for-the-digital-age/data-centres-the-worlds-greatest-energy-guzzlers
https://doi.org/10.1063/1.102730


52 BIBLIOGRAPHY

epitaxial GdN,” Journal of Applied Physics, vol. 106, no. 6, p. 63910, 2009. [Online].
Available: https://doi.org/10.1063/1.3211290

[8] F. J. Jedema, H. B. Heersche, A. T. Filip, J. J. A. Baselmans, and B. J. van
Wees, “Electrical detection of spin precession in a metallic mesoscopic spin
valve,” Nature, vol. 416, no. 6882, pp. 713–716, 2002. [Online]. Available:
https://doi.org/10.1038/416713a
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