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Spin transport in scalable graphene spintronic devices
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devices using graphene as transport layer and Co/TiOy FM/TB contacts
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Abstract

Spintronics is considered as one of many technologies used to go Beyond Moore’s law
and has special interest within information storage and processing. The performance
of spintronic devices are dependent on the spin properties of its spin transport layer
and the spin injection and detection efficiency. Ever since the discovery of graphene
2D materials has been of interest for spintronics, where previous research has con-
cluded that graphene has excellent spin transport properties. Spin current can be
injected and detected using a magnetic material, where previous research has found
using a ferromagnet for this purpose together with a tunnel barrier creates contacts
with high spin injection/detection efficiency.

In this thesis, spintronic devices were designed and fabricated using graphene as
spin transport layer together with Co/TiOs contacts. Current bias, channel length,
channel width and contact width were investigated by measuring both non-local
(NL) spin valve and NL Hanle precession measurements to extract spin parameters:
voltage amplitude (AVyy), spin diffusion length (\g), spin diffusion constant (Dg)
and spin lifetime (7) and then analysing the parameters dependence of investigated
factors. On top of this, Hanle spin angle ¢ were also measured to determine the angle
of measured spin current. The project was successful in measuring spin signals for
uniform and non-uniform spintronic devices with channel width between 1 — 3 pm.
It was concluded that AVyy has a linear current bias dependence while none of
the other spin parameters showed any current bias dependence. It was concluded
that more measurements are needed to draw any conclusion about channel length,
channel width or contact width dependence.

Keywords: Spintronics, Graphene, Beyond Moore’s law, 2D materials, Spin valve,
Hanle precession, Room temperature






“Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning.”

— Albert Einstein
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Spin down energy level at momentum wave number k
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Introduction

Ever since Shockley, Bardeen and Brattain invented the transistor in 1947 [1], the
transistor has been the core of modern computer science and the core component for
logic gates. The transistor revolutionized logic gates and modern day electronics,
becoming the foundation for digital computing. There has been rapid developments
to create microprocessors with more computational power by increasing the number
of transistors. This has been done by decreasing the size of each transistors and has
followed a prediction from Gordon Moore known as Moore’s law, which states that

the number of transistors on a microprocessor will double every two years, as shown
in Figure 1.1 [2].
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Figure 1.1: Total count of transistors on a microprocessor produced between 1971-
2011. The line is Gordon Moore’s prediction known as Moore’s law. Adapted from

[2].

For this to be possible, the size of a transistor must also shrink every two years.



1. Introduction

However, this shrinking has slowed down during the recent years as shrinking the
size has introduced new problems such as quantum tunnelling and current leakage,
creating a physical bottleneck. Due to this, many scholars consider Moore’s law to
have ended [3] and thus in order to improve our computational power we must go
'beyond Moore’s law’.

One of the ways to go 'beyond Moore’s law’ is to store and process information by
manipulating the spin degree of freedom for electrons in solid-state systems. This
is knowns as spin electronics, or spintronics [4, 5]. This technology is expected to
increase device performance while also decreasing power consumption. However, to
realise this one needs to develop spintronic devices with efficient spin injection/de-
tection and long spin diffusion length [9]. This is done by injecting or detecting
spin current using magnetic material and by transporting the spin current between
injector and detector in a non-magnetic material.

In 2004, Geim and Novoselov proved that 2D materials are possible with the discov-
ery of graphene [6] and in 2010, Geim and Novoselov were awarded the Nobel Prize in
Physics for this discovery [7]. Since then, 2D materials have become one of the most
active research topics within solid-state physics [8]. Within spintronics, graphene
has been particularly interesting as a spin transport material due to its excellent
properties such as low spin-orbit coupling and lack of hyperfine interaction causing
long spin lifetime in room temperature, high electron mobility and ability to eas-
ily be interfaced with materials such as ferromagnets, semiconductors, oxides [9, 10].

However, there are still much to do before this technology can be used for applica-
tions. One of spintronics biggest problem is the decay of a spin state which limits
the distance information can be carried. A solution to this is to decrease the dis-
tance spin has to travel by creating smaller devices, for this reason this thesis will
conduct research to investigate the channel length, channel width and contact width
dependence for spintronic devices.



2

Theoretical background

To investigate the channel length, channel width and contact width dependence for
spintronic devices one has to first understand the theoretical concepts behind spin-
tronics. Here I will present the most important theoretical concepts to understand
spintronics and the spin transport layer material: graphene.

2.1 Spin polarisation

Spintronics is fundamentally based on the spin degree of freedom of electrons and is
hence important to understand how spin behaves and how it can be manipulated. To
understand this, one must understand concepts such as spin lifetime, spin dynamics,
spin-orbit interactions, spin transport, spin injection and spin detection. It is com-
mon to use a non-magnetic (NM) material for spin transport and a ferromagnetic
(FM) material for spin injection/detection since NMs typically have more efficient
spin transport properties than FMs,; as will be the case for this master’s thesis. It
is therefore of interest to define spin polarisation of a FM, which comes from its
magnetism, that in turn originates from the electron states in the atoms orbitals.
When electrons populate the available energy states, they do so by following Pauli
exclusion principle and Hund’s rules in order to populate the lowest energy states.
As Hund’s rule states, electrons tend to first populate empty states before pairing
opposite spins to fill one state. These unpaired states will have a very small mag-
netic moment, but for a FM there will be many unpaired states and their combined
magnetic moment will create a splitting in the density of states (DOS) at the Fermi
level. This means that there will be more available states of one spin (e.g. spin-up
N;) and less of the opposite (spin-down N|) [11]. One can then define the intrinsic
spin polarisation of FM as
M —N,
N+ N

Mott in 1936 [12] found that this spin polarisation P affected the electric conduc-
tivity of materials, and explained it by describing the total conductivity of a system
o as the sum of a spin-up o+ and spin-down o conductivity, i.e.

(2.1)

o =01+ 0). (2.2)

The spin dependent conductivity can be expressed in the Einstein equation as

1
ot = NNQQDTM where DT¢ = ngTileTi‘ (23)
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Here, e is the elementary charge and Dy, is the spin dependent diffusion constant as
a function of the average spin dependent Fermi velocity vp4; and the average spin
dependent mean path of the electron l.4 [13]. The average diffusion constant for a
FM can be expressed as

DDy (Ny + N))
DyNy + DN
[14] and D = D, for NM, where D, is the charge diffusion constant [15]. The spin

dependent conductivity can then be related to the bulk spin current polarisation P
by

D= (2.4)

_O-T_O-i

2 (2.5)

o+ 0y
and describes the spin-dependent conductivity for all magnetic metals, semiconduc-
tors, insulators and their interfaces with each other or NM materials [11]. This
master’s thesis will use Cobalt as a FM, which has experimentally obtained a P of
42% [16].

2.2 Spin injection and detection

NM materials have an equilibrium of spin-up (N;) and spin-down (N|) states and
will therefore have the same conductivity for both spin states. This means that for a
FM/NM junction typically used for spin injection, the spin dependant conductivity
will be discontinuous. When applying a current through this junction, spins will
accumulate at the interface and a splitting of chemical potential p for opposite
states, i.e. you have p4 and g for spin-up and spin-down. The accumulation of
spin at the junction will decay exponentially in the FM and the NM according to
their penetration depth App and Anps, see Figure 2.1 (b). The spin dependent
current density j;; depends on the spin dependent chemical potential p4; and the
spin dependent conductivity o4, it can be expressed as

-
Y0,y (2.6)

Jrl = ?
However, this does not factor in spin flip processes. To include this, one must
introduce the spin flip times, which describes average time it takes for a spin-up
to flip to spin-down (74;) and the average time it takes for a spin-down to flip to

spin-up (731). One can then define the spin lifetime as 74 = (7' + 7;')~! and

average spin diffusion constant as Dg = W. By combining Equation (2.3)
and assuming thermal equilibrium (no net scattering: % = %), you can describe
the complete spin flip process as
Hr — H)
02y — =— 2.7
(1 — ) Dor (2.7)
A general solution to this equation is
. x ~ x
pr = py = G- exp(—=) +b-exp(-), (2.8)
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where \g = /D,T, is the spin diffusion length, and a and b are integration constants.
If charge current is assumed to be conserved and using Equation (2.6), one can derive
the chemical potential for both spins as

d
pyp=a+b-zx iexp(—>\£) + —exp(i

) (2.9)
o1y s o1y As

By assuming that the spin dependent chemical potential is continuous and the spin
current is conserved at the interface along with neglecting interface scattering and
resistances, one can define a equilibrium chemical potential as

i = Puy + (1— P)p,. (2.10)

Using this and defining § as the intrinsic spin polarisation defined in Equation (2.1),
a potential difference can be derived as

Ap = prm — pinv = 75 STRALITES (2.11)
AFM _ B2\ (ANM
(S5 + (1= p2) (55

and the spin polarisation of the current through the interface
A
_h-h o (2.12)
5 TOYETE .
T T (i

The main takeaway from these equations are that the spin polarisation depends on
the ratios Uf; M and 2 NN, FM has a much smaller spin diffusion length than NM
(Arp < Any) and the spin polarisation will therefore be lower in FM compared to
NM and spins will decay faster. This is a problem, especially since spins injected
into the NM tend to diffuse back into the FM due to conductivity mismatch [13].

To mitigate this conductivity mismatch, we will introduce a tunnel barrier (TB)
between the FM and NM [17]. TB has a high spin dependent resistance compared
to FM and NM (see Figure 2.1 (a) compared to Figure 2.1 (b)) [13]. The TB acts
as a 'load’ resistance and will not affect the spin polarisation of the current source,
hence one can see the spin injection process for FM/TB/NM as an ’ideal’ spin cur-
rent source. Once the spin current is injected, the high spin dependent resistance
of the TB decreases the probability of the current to lose its spin information by
diffusing back into the FM so much that this problem can be neglected. This will
ensure that measurement probes with a TB will have minimal spin relaxation effect
on the spin current conducting through the device, increasing the spin relaxation
length of the device [14]. For this master’s thesis, TiO, is used as TB between FM
(Co) and NM (graphene).



2. Theoretical background

(b)

I
—> —> 5 ITB NM —>

| |
| |

RFM _{- RXB | RNrM
| |

R re |RT
|

Figure 2.1: Spin current injection through FM/NM and FM/TB/NM interfaces.
(a) Schematic of a FM/NM junction where current flows from FM to NM. (b) Spin
dependent chemical potentials pi+) at the interface of FM/NM and the penetration
depth Agps for FM and Ay, for NM. There is a chemical potential difference Ap
due to the spin dependent conductivity in FM. (c¢) Schematic of an equivalent spin
dependent resistance network for this FM/NM junction. Note that the spin depen-
dent resistance is higher in NM compared to FM. (d) Schematic of a FM/TB/NM
junction where current flows from FM to NM through TB. (e) Schematic of an
equivalent spin dependent resistance network for this FM/TB/NM junction. Note
that the spin dependent resistance for TB is much higher than both FM and NM.
Adapted from [13].

2.2.1 Magnetic domain in FM contact

The spin state injected or detected is dependent on the magnetic domain direction
in the FM contact [18]. It is therefore crucial to be able to control the magnetic
domain in each contact individually. This is done by applying an external magnetic
field to help align the magnetic domains. The strength of the magnetic field required
to 'flip’ a FM magnetic domain is known as the coercive field and depends on the
geometry of FM contact. For rectangular contacts, the magnetic domains tend to
align to the easy axis direction (along the long-side) and would need to rotate out of
this easy axis direction to 'flip’ The required magnetic field depends on the width
of the rectangular contacts, as a wider contact will require a smaller magnetic field
than a more narrow contact [19]. A circular contact would not exhibit an easy axis
direction due to its uniform geometry, and therefore would change its direction of
magnetic domain as soon as an external magnetic field is applied [20].

2.3 Spin decay

Spintronic devices rely on the time and distance a charge carrier can hold a spin
state before reaching spin equilibrium. If a medium can stay in a nonequilibrium
state long enough, then it allows spin-encoded information to travel far enough to
make spintronics a viable technology. Spin relaxation and spin dephasing are two

6
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processes that lead to spin equilibrium and are therefore important to consider when
designing spintronic devices and will therefore be introduced in this section [18].

2.3.1 Spin relaxation and spin dephasing

The spin lifetime 75 and spin diffusion constant Dg define the spin relaxation length
(distance charge carrier can travel before losing its spin state):

A = /Dy, (2.13)

and are therefore two important parameters for spintronics [13]. Spin relaxation and
spin dephasing are limited due to spin scattering mechanisms: Elliot-Yafet (EY),
D’yakonov-Perel’ (DP), Bir-Aronov-Pikus (BAP), hyperfine (HF) interactions and
resonant scattering [18], [11]. However, BAP is only relevant for p-doped semi-
conductors at low temperature [18] and is therefore out of scope for this master’s
thesis.

(a) Elliott-Yafet (b) D’yakonov-Perel’ (c) Resonant scattering

Fl

< &

Figure 2.2: Spin scattering mechanisms in graphene. (a) Elliot-Yafet (EY) spin-flip
scattering where the red dot is a scattering centre (e.g. phonon or impurities), the
blue dots are charge carriers with its spin shown as a yellow arrow. (b) D’yakonov-
Perel’ (DP) can flip a spins state by inversion asymmetry. The red dot represents a
scattering centre, the blue dot a charge carrier along with its spin state as a yellow
arrow and the grey cone shows the spin precession. (c) Resonant scattering where
spin relaxation occurs if a charge carrier has spent enough time around a scattering
centre. The red dot is a scattering centre and the blue dot a charge carrier along
with its spin state shown as a yellow arrow. Adapted from [21].

2.3.1.1 Elliot-Yafet mechanism

Elliot, in 1954 [22] showed that a lattice that induces spin-orbit coupling (SOC) will
also lead to spin relaxation when charge carriers are combined with momentum scat-
tering. Momentum scattering tend to be caused by phonons for high temperature
and impurities for low temperatures [18], [22]. Yafet later showed that phonons can
also modify the lattice induced SOC leading to further spin relaxation [23]. The EY
mechanism is a spin-flip scattering mechanism since the spin relaxation is due to a
probability to flip a charge carriers spin state when exposed to the lattice induced
SOC and momentum scattering. Because of this, the probability of flipping a spin
state will scale with the probability of momentum scattering occurring, which in
turn can be increased by e.g. increase of atomic mass or increased size of atoms.
This means that materials with a low atomic mass (such as graphene) has a low

7
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probability to flip its spin state due to EY mechanism which, in turn increases spin
lifetime 7 [13].

2.3.1.2 D’yakonov-Perel’ mechanism

A material can experience inversion asymmetry either by having two distinct atoms
present in Bravais lattice (bulk inversion asymmetry, or Rashba-Dresselhaussen) or
by a built-in or external electric field (structural inversion asymmetry, or Bychkov-
Rashba) [13]. Inversion asymmetry means that the spin-up and spin-down charge
carriers degenerate (Ey # Ej). Bulk inversion asymmetry is common in semicon-
ductors from group I1I-V (e.g. GaAs) and II-VI (e.g. ZnSe) as this will introduce two
distinct atoms in Bravais lattice [18]. However, bulk inversion asymmetry will not
affect pure graphene as it is made of carbon atoms only (group 1V) [24]. However,
DP spin relaxation will still affect graphene due to structural inversion asymmetry
[25]. D’yakonov and Perel’ found that this inversion asymmetry was an efficient
mechanism of spin relaxation as it results in a electrical field E which will induce

N
v

an effective magnetic field B = 7 X E that affects spins moving through E with
velocity ¥ (relative to speed of light ¢), creating a SOC effect [18], [13].

2.3.1.3 Hyperfine interaction

HF interaction is a coupling of the magnetic moments between the electron and the
nuclei, if the magnetic moment of the nuclei is non-zero. The magnetic moment of a
nuclei is zero if its shells are full, which is the case for graphene. It is worth to note
that HF interaction can be introduced to graphene by adding an isotope (e.g. 3C)
[13], however growing graphene of pure isotope (?C) will not introduce hyperfine
interaction effect [26].

2.3.1.4 Resonant scattering

It was first theorised by Duplock et al. [27] that magnetic impurities (vacancies or
adatoms) can cause resonant spin-flip scattering events, and later experimentally
proven by McCreary et al. [28]. The impurities create exchange fields, inducing
spin relaxation by precession if a charge carrier has spent long enough time in these
fields at resonant energies [11].

2.4 Graphene

Graphene is a single layer of graphite, a two-dimensional (2D) ortohexagonal lattice
structure of sp? hybridised carbon atoms, see Figure 2.3 (a). This ortohexagonal
geometry, also referred to as honeycomb geometry has a distance of 0.142 nm be-
tween carbon atoms and a thickness of 0.35 nm. Alongside this, graphene has also
shown exceptional electrical, magnetic, mechanical and optical properties [29]. It
has a Young modulus greater than any other material [30], a intrinsic mobility 100
times higher than Si [31], a current density 6 orders higher than Cu [32], negligible

8
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HF interaction, gate tunability, low spin-orbit coupling and the longest measured
spin-relaxation length at room temperature [8]. The single atomic layer also allows
graphene to be affected by surrounding material by proximity effect [33]. These
properties are essential for transmission and manipulation of spin signals in spin-
tronic devices [8].

The number of layers of graphene affects these exceptional properties [34]. It is
therefore important to ensure you have the intended amount of layers when cre-
ating a device. This can be investigated using a multitude of methods such as
Raman spectroscopy (see Figure 2.3 (f)) [35], Auger electron spectroscopy (AES)
[36], scanning electron microscopy (SEM) [37], nano-indention [38], surface plasmon
resonance (SPR) [39] and optical reflection microscopy [40]. Even a trained naked
eye can detect number of layers [41] due to graphene’s optical properties of linear
relation between number of layers and graphene light absorption. A single layer of
graphene has a light absorption of 2.3%, two layers has 4.6% light absorption [29],
see Figure 2.3 (e). For this master’s thesis project, monolayer graphene is used.

The honeycomb structure of graphene creates sigma bonds between carbons sp? or-
bitals and 7 bonds between p, orbitals, as depicted in Figure 2.3 (c). It is the 7
bonds which gives graphene the excellent electrical properties as it allows electrons
to move freely across the graphene layer. The first Brillouin zone of graphene has
six highly symmetrical K points, where both conduction and valence band intersect.
These points of interest are known as Dirac points and electrons can freely move be-
tween bands which gives graphene its high conductivity, considered the best among
known materials at room temperature. The Dirac point is also why graphene is
classified as a zero-band-gap semiconductor [29], [42].
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Figure 2.3: Graphene structure and optical properties. (a) Lattice structure of
monolayer graphene where white (black) circles show carbon atoms on A (B) sites,
creating a hexagonal /honeycomb structure. Vectors a; and ap are primitive vectors
that builds up a unit cell (shaded area). The distance between unit cells is the lattice
constant a. Adapted from [34]. (b) The reciprocal lattice of monolayer graphene
where crosses shows reciprocal lattice points. Vector by and by are primitive lat-
tice vectors. Shaded area is the first Brillouin zone with six highly symmetrical K
points. Adapted from [42]. (¢) The sigma and 7 bonds between each carbon atom
in graphene lattice structure. The sigma bond is created between each carbons sp?
hybridised orbitals and the 7 bond is created between each carbons p, orbitals.
Adapted from [34]. (d) Band structure of graphene around the first Brillouin zone
in reciprocal space. Enhanced inset shows one of 6 symmetrical K points where the
Dirac point lies (conduction band and valence band intersect). Adapted from [29].
(e) Optical properties of monolayer and bilayer graphene, where monolayer graphene
has a 2.3% light absorption and bilayer graphene a 4.6% light absorption compared
to air. Adapted from [29]. (f) Raman spectra of monolayer graphene, graphite and
different amount of layers of graphene under different wavelengths. The G peak can
be found around 1580 cm~! and the D peak between 1270-1450 cm~'. Adapted
from [29].

2.4.1 Spin injection and detection in graphene

Even though graphene has a zero-band-gap structure, its intrinsic resistance is still
larger than that for most FM metals, giving rise to conductivity mismatch for a FM /-
graphene contact (see Chapter 2.2). Previous research has shown a Co/graphene
contact with ohmic resistance area product of R.A = 65 Qum?, and a spin lifetime
Ts = 47 ps, a diffusion constant Dg = 0.008 m?s~! and a polarisation P = 5% at 10
1A current bias and a temperature of 300 K. When introducing TiO, as a TB, the
ohmic resistance area product increases to R.A = 585 Qum?, the spin lifetime to 7
= 80 ps, while the spin diffusion constant and polarisation does not change for the
same current bias and temperature [13]. It is clear that with a much larger ohmic

10



2. Theoretical background

resistance area product the voltage detection signal would increase, improving the
detection efficiency as seen in Figure 2.4.
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Figure 2.4: Non local spin valve and spin Hanle precession measurements in room
temperature at 10 pA bias. (a) Spin valve measurement for Co/graphene contacts
lacking a TB. Blue dots are measured with an increasing magnetic field while red
dots are measured with a decreasing magnetic field. Black arrows indicate the
direction of magnetic domain in the two Co magnetic contacts. Measured spin valve
has a AVyy ~ 0.4 pV. (b) Spin Hanle precession measurement for Co/graphene
contacts lacking a TB. Inset is a figure of the non local measurement setup, along
with the direction of magnetic domain in the Co magnetic contacts (white arrows)
and the direction of applied field (out of plane). Measurement found a spin lifetime
Ts = 47 ps. (c) Spin valve measurement for Co/TiO,/graphene contacts. Blue dots
are measured with an increasing magnetic field while red dots are measured with a
decreasing magnetic field. Black arrows indicate the direction of magnetic domain in
the two Co magnetic contacts. Measured spin valve has a AV =~ 0.6 uV. (d) Spin
Hanle precession measurement for Co/TiOy/graphene contacts. Inset is a figure of
the non local measurement setup, along with the direction of magnetic domain in
the Co magnetic contacts (white arrows) and the direction of applied field (out of
plane). Measurement found a spin lifetime 74 = 80 ps. Adapted from [13].

It has been shown that a TiO, layer on graphene exhibits less large cracks and
micro-scale pinholes when compared to an alternative TB (AlyO3) layer (see Figure
2.5 (a) and (b)). This leads to lower injection current noise and almost no fluctua-
tions for TiOy compared to AlyO3 [17], as shown in Figure 2.5 (¢) and (d).
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Figure 2.5: Quality of Al,O3 and TiOs TB for graphene. (a) SEM image of Al;O3
TB on top of graphene. Al,O3 TB exhibited many cracks and pinholes, indicating
possible current leakage through barrier. (b) SEM image of TiOs TB on top of
graphene. TiO; TB did not exhibit as many cracks and pinholes as Al,O3 and
thus should have a lower current leakage through barrier. (c) Injection noise for
Al,O3 TB, where measured noise V;,; fluctuates between values of 0.3 to 0.7 V. (d)
Injection noise for TiOy TB, where measured noise V,,; is much more stable than
the previous case, fluctuating between values of 0.19 to 0.22 V. Adapted from [17].

2.4.2 Spin decay in graphene

The spintronic properties of graphene was first investigated in 2007 by N Tombros
et al. using exfoliated graphene with cobalt contacts with Al,O3 as TB. They found
a spin lifetime 75 ~ 100 ps and a spin diffusion constant Dg ~ 2.1-1072 m?s~! by
measuring spin Hanle precession (see Section 3.2.2) [43]. Graphene’s low SOC means
that spin scattering events by SOC as described in Section 2.3.1 has a weaker effect
on graphene, increasing the spin lifetime and spin relaxation length. HF interaction
and BAP mechanism has such a weak effect on graphene that they can be negli-
gible, meaning its enough to only consider EY an DP spin scattering mechanisms [8].

In the previous section 2.4.1, it was shown that the spin lifetime is almost twice as
large with TiO5 as TB than without a TB. This combined with no change in spin
diffusion constant would increase the spin relaxation length according to Equation
(2.13), making spin transport in graphene more efficient when a TB is introduced.

All this has lead to graphene exhibiting a spin relaxation lengths upwards to 30.5 pm
at room temperature on exfoliated graphene using Co/MgO contacts and covering
the graphene and contacts with hBN [44] and 26.6 pum at room temperature on
chemical vapor deposition (CVD) grown graphene using Co/TiOs FM contacts and
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Ti/Au as reference contacts [9]. This is the longest spin relaxation length measured
at room temperature among known materials [8].
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Experimental

All devices used in this thesis were designed using AutoCAD and fabricated in Myfab
Nanofabrication Laboratory at Chalmers. This chapter aims to introduce how these
devices were designed and fabricated, as well as introduce the different measurement
methods used to produce results.

3.1 Device fabrication

Devices were fabricated on 7 x 7 mm chips that were cut from a wafer of CVD
grown graphene on top of Si/SiOy by Grolltex Inc. The graphene was then etched
into different patterns using electron beam lithography (EBL) to create a mask and
O,-plasma etching to etch away unwanted graphene. Magnetic Co/TiOq contacts
and non-magnetic Au/Ti contacts were deposited by using EBL to create masks,
high vacuum evaporation deposition to deposit metal and a lift-off process to remove
unwanted metal deposited. A finished device can be seen in Figure 3.1.

The entire fabrication process is explained in greater details in Appendix A.

Figure 3.1: Example of a fabricated device with graphene as NM transport layer
and Co/TiOy FM contacts. The red lines indicate the outline of the graphene
channel.
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3.2 Measurement techniques

There were two main measurement methods used to detect spin polarised currents
for this master’s thesis: spin valve and Hanle spin precession. The measurement
setup for each type is described in the following sections.

The measurements used a NL four terminal (4T) measurement setup (see Figure
3.2 (a) and (b)). Using a NL measurement setup enables measurement of difference
in chemical potential (AVy ) from pure spin current (see Figure 3.2 (¢)) instead of
measuring spin current and charge current as is the case for a local measurement.
A 4T measurement setup will only measure the channel and is preferential to a two
terminal (2T) measurement setup that would also measure contact and wire resis-
tances. Since both of these measurement methods together enables measurement of
the element of interest (pure spin current/voltage) without added contact or wire
resistances the measured signal will have a higher signal-to-noise ratio (SNR) [21].

The voltage was measured using a Keithley 2182A nanovoltmeter, The DC bias
current and gate voltage were applied using a Keithley 6221 DC current source and
Keithley 2450 sourcemeter. The external magnetic field were applied using a GMW
5403 electromagnet.

3.2.1 Non-local spin valve

A general 4T NL spin valve measurement for a graphene/Co device can be seen
in Figure 3.2 (a) and (b). Spin current is injected into the graphene through a
Co/TiOq contact with the same spin direction to the injectors magnetisation and
diffuses through the graphene [11]. The diffused spins can be detected by measuring
voltage signal at another Co/TiOs contact compared to another contact far away
from the injector. By defining x = 0 at the spin injector, one can solve Equation

(2.9) as
fyp = E£po - exp(—i) for z > 0. (3.1)
ANM
[t is the chemical potential splitting at x = 0 and can be expressed as
el Rnaryi

210 = e(V2 = V) = G(ITRTTB - I¢R¢TB) = 14 9B (3.2)
RTB

where ~; is the spin polarisation at the injectors FM/I/NM interface, I is the total
tunnel current, the spin currents through interface is

I poonyA
L=+ ——"— 3.3
N 2 e>\NM ( )
and the NM resistance is defined as
ANM ANM
R = = Rp—— 3.4
NM R AT (3.4)

where A is the cross section of the injector contact, W is the width of Gr channel
and Rp is the square resistance.
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Assuming that only spin current reaches the detector contact, then the detected
potential at a distance x = L is

Ya(pr(L) — mZ(L)) + pip + e (3.5)

pram(L) =

where 7, is the spin polarisation at the detectors FM/I/NM interface. This potential
can be compared to a NM reference contact, which detects a potential

_ Mt (3.6)

HNM 5

Measuring voltage over the detector and reference contacts give rise to a NL voltage

— Yoo L
_ HFM — UNM :iVVd O NMeXp( ) (3.7)

Ve e 2W

Avm

[13]. Vg can also be measured by comparing the potential at detector contact
with another FM reference contact further away from the injector. The reference
contact will measure a lower potential since j4; in Equation (3.5) decreases over
distance according to Equation (3.1). As x tends to a value much longer than the
spin diffusion length, the spin dependent chemical potential will tend to py = py,
which will simplify Equation (3.5) to

+
HFEM = % (3-8)

which is very similar to Equation (3.6). Using this contact as reference, one gives
rise to NL voltage

L) — iYaRoA L
e (L) — pra(00) — 4 Jido NMeXp(_ ), (3.9)

VNL - e 2W /\NM

which is the same as shown in Equation (3.7).
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Figure 3.2: Non-local (NL) spin valve. (a) NL spin valve measurement setup with
Co/TiOy as FM/TB injector and detector contacts, Au as NM reference contact
and graphene as NM spin transport. Magnetic field B)j is applied parallel to the
FM/TB contacts. Charge current I propagates through the graphene to the left of
injector contact in a closed circuit on the left side of the device, while spin current
I diffuses to both sides of the injector contact. The detector contact on the right
side of the device will therefore only detect chemical potential given by the spin
current /5 and compare it to the potential from a NM Au contact. This gives rise to
the NL voltage Vi1 shown in Equation (3.7). (b) NL spin valve measurement setup
with Co/TiO9 as FM/TB injector, detector and reference contacts, and graphene as
NM spin transport. Magnetic field By, is applied parallel to the FM/TB contacts.
Charge current I propagates to the left of injector contact in a closed circuit on
the left side of the device, while spin current Ig diffuses to both sides of the injector
contact. The detector contact on the right side of the device will therefore only
detect chemical potential given by the spin current Is and compare it to a lower
potential given by the spin current Ig at the reference contact. This gives rise to the
NL voltage Vi shown in Equation (3.9). (c¢) The electrochemical potential in the
NM graphene layer. As spins diffuse through the graphene, the chemical potential
for different spins will be split into and measured chemical potential will be different
for different distances from injector contact. Adapted from [13].
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Since a rectangular contact tends to only have magnetisation in two directions due to
easy axis alignment and the required magnetic field to change direction is dependent
on the width of the contact (see section 2.2.1), these directions can be labelled as up
(1) and down () for each contact. Aslong as both the injector and detector contacts
does not have the same width, it is possible to find a magnetic field where these are
either parallel (11 or |J) or anti parallel (1] or |1). To measure NL spin valve, a
in plane magnetic field B is applied and swept in both directions to measure Vi,
for these 4 states. When sweeping from a negative magnetic field to a positive one,
both contacts will start in a parallel state (e.g. 11) and then at a certain magnetic
field one of the contacts will 'flip” and the device transitions into an anti parallel
state (e.g. 1)), then the other contact will 'flip” and the state transitions back into
a parallel state with opposite direction to the parallel state it started with (e.g. JJ).
When sweeping the magnetic field in the opposite direction, from positive field to
negative, the contacts will 'flip’ in the opposite direction (e.g. state goes from || to
1T to 11). One has therefore managed to measure Vyy, in all 4 possible states. An
example of a spin valve signal in graphene using Co/Al;O3 contacts can be seen in
Figure 3.3 (b).
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Figure 3.3: Non-local spin valve measurement. (a) Scanning electron microscopy
(SEM) image of measured device along with the non-local measurement setup. De-
vice consists of a single layer graphene flake on top of SiOs chip with Co/Al,O5
injector, detector and reference contacts. Adapted from [43]. (b) Non local spin
valve measurement. Magnetic field is swept from negative to positive (green) and
positive to negative (red), the arrows above indicate the magnetisation of contact
1, 2, 3 and 4 where contact 1 and 4 is reference contacts, contact 2 is detector and
contact 3 is injector. Note that reference contacts are included here as they are
not far enough away to assume negligible magnetic flip contribution and hence the
simplification in Equation (3.8) cannot be made. There are clear peaks measured
when detector and injector are anti parallel. Adapted from [43].

3.2.2 Non-local Hanle spin precession

NL Hanle spin precession is measured by using the 4T measurement setup shown in
Figure 3.4 (a) and applying a magnetic field B, perpendicular to the spin transport
channel. The applied field will cause spin precession with the Larmor frequency

wy = gpuBBL

h
where g is the Landé g-factor, ug the Bohr magneton and A the reduced Planck’s
constant [15]. During diffusion, the spin precession decreases the spin accumulation
at injector contact for low magnetic fields, while coherent decaying oscillations occurs
at large magnetic fields [45]. The reduction of spin accumulation can be detected

(3.10)
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by the reduction of voltage in Equation (3.9). Since spins diffuses randomly, and
scattering and spin flips occurs, the probability of a spin diffusing and preserving
its spin state at a contact at distance x from the injector (z = 0) after time ¢ is

! ( o ) exp( ! ) (3.11)
ex — ex —_— .
Ar Dt P\ p ) P

—_————

1 2

P(x,t) =

where Dy is the spin diffusion constant, Ty is the average spin lifetime, (1) describes
spin diffusion and (2) spin dephasing.

The potential p(z, By) = [5° u(z, By, t)dt is a sum of all spins injected over all
diffusion times. By setting the boundary condition p(0,0) = pg, the potential can

be written as
e B1) = 2,2 / (z, t)coslwy, (B )t]dt. (3.12)

By combining Equation (3.12) with (3.2) and (3.9), the detected voltage signal at a
detector with distance x = L from injector can be written as

47r COS[(UL(BL) ]exp(—js) dt (3.13)

iYaRol
VNL(L,BL) 'Y'Yd O /

3

where the factors in integral originates from spin diffusion (1), spin precession (2)
and spin dephasing (3). Vi will have different signs depending on if the injector
and detector contacts magnetisation’s are parallel or anti parallel [13]. Measured
Hanle signals can be fitted using Equation (3.13) to extract parameters such as spin
diffusion Dg and spin lifetime 75 that can be used to calculate spin relaxation length
As using Equation (2.13). An example of a Hanle spin precession measurement and
data fit can be seen in Figure 3.4 (b).
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Figure 3.4: Non-local Hanle spin precession. (a) Non-local Hanle spin precession
measurement setup with Co/TiOy FM/TB injector, detector and reference contacts
with graphene as spin transport layer. Charge current propagates from the injector
contact to the left reference contact to form a closed loop, while injected spin current
will diffuse to both sides of injector contact. The spins will precess while diffusing
due to the applied perpendicular magnetic field. Since diffusion is random, the
detected spins at detector contact will carry different spin and the detected signal
will be the average spin. (b) Measured non-local Hanle spin precession. Black dots
is data as measured while red line is the data fitted to Equation (3.13) by setting
g=2and L =15 um. With the fitted equation, parameters Dg, T4 and A\g were
extracted to be 0.02 m?/s, 1.53 ps and 1.33 pm.

3.2.2.1 Symmetric and antisymmetric Hanle signals

Hanle signals can either be symmetric or antisymmetric (asymmetric) around the
point B, = 0 or a combination of both (see Figure 3.5). The measured signal
Vi only measures spin current that is either parallel (P) (positive voltage) or
anti parallel (AP) (negative voltage) with the FM detectors magnetisation. If the
injected spin current is P or AP the detector will measure a peak at B, = 0 that will
decrease at the same rate as the magnetic field increases independent of magnetic
field direction. If the injected spin current is instead injected with a perpendicular
direction to the FM detectors then the spin current will have no component in P

22



3. Experimental

or AP direction and hence no signal will be measured at B; = 0. As an external
magnetic field is applied the spin will precess in either P or AP direction depending
on the direction of magnetic field and the signal will increase (for P direction) or
decrease (for AP direction) at the same absolute rate as magnetic field strength
increases. Hence a symmetric (asymmetric) signal can only occur if the spin current
is injected P or AP (perpendicular) to the FM detectors magnetisation. If the spin
current is injected with an angle, then the Hanle signal will be a combination of
symmetric and asymmetric signal and this angle can be measured. This was done
by measuring Hanle signals for when the detector and injector FM magnetisation
is P and AP. The measured Hanle signal will have opposite sign for P and AP
according to Equation (3.13). To eliminate non-spin related background noise, the
average of both signals

Vnr.p — VL ap
2

was calculated, where Viyr p is the voltage for parallel magnetisation and Vi ap

for anti parallel. The average signal was then decomposed into its symmetric and

asymmetric components using equations:

o VNL,Avg(B) + VNL,Avg(_B>
2

(3.14)

VNL,AUg =

(3.15)
Vi VNL Avg(B) — Vi, Avg(—B)
NL — 2 )

where V]UL is the symmetric component and Vi, is the asymmetric component.
These can then be fitted using equations

o 1 L? t
VA}L oc/o \/mexp(—@)cos(wﬁ)exp(—T—S)dt
(3.16)
Vi, oc/o \/mexp(—4D8t)sm(th)exp(—T—s)dt.

The symmetric and asymmetric amplitudes AV]U ; and AV can then be extracted
and used to calculate the angle ¢ between injected spin polarization and FM detec-
tors magnetisation direction by

1, AV,
¢ = tan 1(A JI]'L) (3.17)

[46].
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Figure 3.5: Simulation of Hanle signal for different angles between injected spin
current and FM detector magnetisation direction. At 0° the signal is symmetric
around B; = 0, at £90° the signal is asymmetric around B; = 0 and at +45° the
signal is a combination of symmetric and asymmetric compounds. Adapted from

[46].
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Results

Since the discovery of graphene by Geim and Novoselov [47], its unique properties
has shown great potentials in many areas and therefore gained plenty of attention.
For spintronics, graphene’s exceptional high carrier mobility and weak intrinsic spin-
orbit coupling has lead to a long spin diffusion length and spin lifetime, two proper-
ties with extreme importance for spin transport [48]. Here, we tried to push the limit
of graphene spintronics by examining spin transport properties while spin transport
layer is constrained by small channel width and investigated how spin transport is
affected by such constrained geometries. The examination was done by NL spin
valve and NL Hanle spin precession measurements at room temperature.

4.1 Non-local spin transport

NL spin valve measurements were conducted to measure the devices spin transport
parameters. The NL measurement setup used can be seen in Figure 4.1 (a) and a
fabricated device in Figure 4.1 (b).
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Figure 4.1: NL spin valve and Hanle measurements. (a) Schematic of measurement
setup where the green contacts are Co/TiOy FM contacts and the grey areas are
graphene used as transport layer. (b) Microscopic image of measured device, where
Co/TiOq is shown in green and graphene as a darker shade of grey outlined in
red lines. (c¢) NL spin valve measurement for a current bias I = —100 pA. Red
(black) indicates measured spin signal Viy;, when magnetic field is swept in a positive
(negative) direction. (d) NL Hanle measurement for a current bias I = —100 pA.
Black dots indicate measured Vy; while red line is the measured data fitted to
Equation (3.13). Using the fitted line, parameters Dg = 0.02 m?/s, T, = 85.57 ps
and A\g = 1.33 um were extracted.

NL spin valve was measured at different current bias, where each measurement had
a fixed current bias while sweeping an applied magnetic field between -70 to 70
mT. Figure 4.1 (¢) shows the NL spin valve measurement for a fixed current bias
of I = —100 pA, where the red (black) line was measured while sweeping applied
magnetic field from -70 to 70 (70 to -70) mT. The results shows two clear low noise
peaks when the magnetic contacts switches from P to AP magnetisation (see Sec-
tion 3.2.1 for details). The two peaks has an average AVyy = 44.7 + 1 pV which is
large indicating a high polarisation of the FM contacts, effective spin injection and
excellent spin transport across the graphene spin channel.

NL Hanle measurements were conducted afterwards for current biases in devices

which showed NL spin valve signals. For the Hanle measurements, the applied
magnetic field was rotated to out of plane (90°) and swept between -500 to 500 mT.
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Figure 4.1 (d) shows the NL Hanle measurement for a current bias of Iz = —100 pA,
where the black dots are data as measured and the red line is the measured data fitted
to Equation (3.13). Using the fitted line, it was possible to extract Dg = 0.02 m?/s,
Ts = 85.57 ps and A\g = 1.33 um. The fitted line follows the measured data well
indicating a good fit with low SNR and unambiguously confirm the excellent mea-
sured spin characteristics.

A spin lifetime 74 = 85.57 ps and a spin diffusion length A\g = 1.33 pum is quite
low compared to a paper submitted by M. Drogeler et al. [44] where a single layer
graphene encapsulated in hBN extracted 7, = 12.6 ns and Ag = 30.5 um. However,
this is expected as the hBN flakes will cover the graphene and keep it perfectly
flat, preventing doping from the substrate and solvents from interacting with the
graphene layer. This is important as dopants and solvents has been shown to signif-
icantly reduce the spin lifetime below 1 ns [44]. The extracted values are however,
relatively good when compared to another paper submitted by N. Tombros et al.
[43] who measured Tg = 155 ps and Ag = 1.6 um on single layer graphene flakes
in RT with Co/Al,O3 FM contacts. These devices are similar to device shown in
Figure 4.1 (b) with the notable exception of Al,O3 used as TB (for this report TiO4
were used) and exfoliated graphene used to create the single graphene layer (for this
report CVD graphene were used). AlyO3 as TB leads to higher injection current
noise and more fluctuations compared to a TB using TiO, (see Section 2.4.1). Exfo-
liated graphene flakes has better quality than that of a CVD grown graphene layers
and is the more significant source to the difference in spin characteristics, however
it is not scalable like CVD graphene is. When comparing to papers submitted by
A. Avsar et al. [49], M. Wojtaszek et al. [26], W. Fu et al. [50], A. L. Friedman
et al. [51] whom all measured T4 ~ 80 — 285 ps and A\g ~ 1.1 — 1.5um for CVD
grown graphene. It is worth to note that the spin lifetime 75 measured above 200 ps
in papers mentioned are either bi-layer graphene (BLG) [49] while this thesis uses
single-layer graphene (SLG) or uses BN as a TB [50] while this thesis uses TiOy
as TB. It can therefore be noted that the extracted parameters seem reasonable
when compared to previous research done within the field. The data measured from
Figure 4.1 (¢) and (d) can therefore be used as generic examples of good spin valve
and Hanle signals.
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4.2 Current bias dependence

NL spin valve measurements for different current bias were conducted to characterise
the devices current bias dependence. The results present here were all measured on
the same device as above (see Figure 4.1 (a) and (b)).
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Figure 4.2: Spin signals current dependence for device shown in Figure 4.1. (a)
NL spin valve measurements for different current biases Ig = -80, -50, -10, 10, 50,
80 nA. Red (black) indicates measured spin signal Vv, when magnetic field is swept
in a positive (negative) direction. Note all figures share the same y-axis. (b) NL
Hanle measurements for different current bias. Black dots indicate measured Vi,
while red line is the measured data fitted to Equation (3.13). Using the fitted line,
parameters Dg, Ts and Ag were extracted with values shown in Figure. Note, all
figures share the same y-axis.

Figure 4.2 (a) shows spin valve measurements for different current biases. It is noted
that the peak AVyy is heavily dependent on current bias, where a larger current will
increase AVyp and current in opposite directions will flip the peak. This current
bias dependence is expected to be linear [48] which corresponds with measurements
done in this project. The only notable exception is |[AVy | for Iz = 50 pA is larger
than |[AVy | for Iz = 80 pA. This result can be due to many factors such as degra-
dation of device affecting the sheet resistance of graphene layer, change in oxide TB
changing the contact resistance, or hot-electron effects [52]. However, the reason
behind this is out of scope for this project and will not be further discussed.

Hanle signal peaks as shown in Figure 4.2 (b) indicate a strong current bias depen-
dence similar to the case of spin valve above. This linear dependence is expected as
per previous research in the field [53]. It is however noted that, even with a current
bias dependent peak, the extracted parameters do not exhibit such a dependence.

This can be explained from Equation (3.13), where the peak has its current de-
pendence outside of the infinite integral. When using the equation to extract the
parameters inside the integral, everything outside of the integral is assumed to be a
constant (which is the case for a constant current bias). Since there is no current in-
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side of the integral and the parameters themselves are not current dependent, theory
says that there should be no current dependence when extracting the parameters.
Additionally, the spin transport parameters are dependent on the properties of the
spin transport channel, which are independent of the spin current. This can be seen
in Figure 4.5 where \g, Dg and T4 seem to not change with changing current bias.

4.3 Width dependence

Spin valve and Hanle measurements were done for devices with different graphene
width in order to investigate width dependence. Since some of the devices were
designed with FM contacts attached to different graphene widths, it was possible to
measure both uniform width (See Figure 4.3 (a)) and non-uniform width (see Figure
4.3 (b)) where the graphene width changed along the channel.

(a) Uniform (b) Non-uniform
channel width channel width

Channel

Figure 4.3: Device geometry for (a) uniform channel width devices and (b) non-
uniform channel width devices. The grey area is graphene as transport layer, the
green contacts are Co/TiOy FM contacts and the channel is highlighted by an arrow.
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Figure 4.4: Spin signals graphene width dependence. (a) NL spin valve measure-
ments for uniform graphene width 2 ym, 3 gm and non uniform where one contact
has width 1 gm and the other 2 um. Red (black) indicates measured spin signal
Vvr when magnetic field is swept in a positive (negative) direction. Note all figures
share the same y-axis. (b) NL Hanle measurements for uniform graphene width 2, 3
pm and non uniform where one contact has width 1 gm and the other 2 ym. Black
dots indicate Vv, as measured while red line is the measured data fitted to Equation
(3.13). Using the fitted line, parameters Dg, Ts and Ag were extracted with values
shown in inset.

Spin valve measurements for different channel widths with the same channel length
is shown in Figure 4.4 (a) and Hanle measurements for different widths in Figure
4.4 (b). It is clear that the 2 um wide uniform graphene strip showed the best
results as it is less noisy, the spin valve has a bigger peak (AV = 19.1 £ 0.2 uV)
than the others and the fitted line follows the measured data far better than for
the others. This result could be due to many factors such as the contacts spin
polarisation, contact resistance, impurities or residues around the graphene affecting
the properties of graphene, impurities or holes in TB and fabrication errors causing
unwanted geometry. Due to limited time and resources, none of these factors could
be studied in detail and it is therefore impossible to know exactly which factors
affected the result. However, it is still possible to argue that edge scattering decreases
the spin performance for the non uniform sample. This is due to edge scattering
increasing the likelihood of spin flip to occur [54] and by changing the width between
contacts, more edges are introduced increasing the probability of edge scattering
affecting the spin current. This could explain why the spin valve for non uniform
sample, while having as little noise as the uniform 3 pm sample, still has a small
peak (AV =0.4+ 0.1 V) compared to the uniform samples. This same argument
can however, also be used to conclude that a smaller width of graphene should
increase the probability of edge scattering and therefore decrease the spin transport
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properties. This is however not the case between the 2 and 3 um measurements
shown in Figure 4.4, where the 2 pym sample outperforms 3 pum. Possibly, these
widths are still large enough for the edge scattering effects to not make a big impact
as the widths are still larger than extracted spin diffusion lengths, or other non
determined factors mentioned earlier has a far greater effect on the result which
results in the 2 pm sample performing far better than the 3 pm sample.

(@) Uniform Wg, = 2 um (b) Uniform Wg, = 3 um
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Figure 4.5: Spin parameters current dependence for different widths. Spin pa-
rameters AVyr, A\g, Dg and T, for different current bias were extracted from Hanle
measurements using a line fitted to Equation (3.13) for (a) 2 um wide graphene strip
and (b) 3 ym wide graphene strip.

The spin parameters extracted for 2 and 3 um wide graphene strips are shown in
Figure 4.5 (a) and (b), respectively. The figure shows a clear current dependence
for AVy and no current dependence for any other spin parameters which aligns
with results mentioned in Section 4.2. This pattern is however not the case around
I =0 pA, where all spin parameters seem to deviate from any other measurements
for other currents. This is the case since such low current decreases SNR making
it more prone to deviations from noise. The uniform 3 pgm measurements in Figure
4.5 (b) has such low SNR that no signals could be detected due to the high noise.
Due to this, measurements around I = 0 pym are not of much interest for analysis, it
is evidentially better to analyse measurements with larger currents. However, when
analysing measurements at higher currents it cannot be determined how much the
width affects the current bias (or lack of) dependence for parameters due to lack of
data. More measurements of different widths would be needed to determine this.
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Figure 4.6: Spin parameters width dependence for (a) NL resistance @, (b) spin
diffusion length Ag, (c) spin diffusion Dg and (d) spin lifetime 7. The dot in the
middle is the average value from different devices and different current biases given a
width while the error bars shows the 95% confidence interval of variation for a given
width. Wg, = 1.5 pm is the non-uniform 1 - 2 ym graphene strip while Wg, = 2 pm

and Wg,. = 3 pm are uniform graphene strips.

Figure 4.6 shows the width dependence for different NL spin parameters by summa-
rizing the NL spin parameters extracted from different devices and different current
bias. There does not seem to be any trends for any parameters by looking at the
width dependence. However, this may be the case due to small sample size and
I therefore argue that further studies need to be conducted in order to conclude
anything of significance. Figure 4.6 (a) shows that the width 2 pum has a much
larger spin signal than all other widths. However, this width also shows a large
variation in error bars. The cause of this variation should not be due to current bias
since resistance is calculated by dividing the NL voltage by the bias current, hence
removing the current dependence. It is therefore more likely to be due to the qual-
ity of graphene from different devices, impurities, contact polarisation and contact
resistance that causes a variation in AVy for the same bias current and hence a
variation in resistance. This hypothesis is further supported by analysing the error
bars for the other spin parameters in Figure 4.6 (b), (¢) and (d). These spin pa-
rameters are not bias current dependent as discussed in Section 4.2 and hence their
error bars are caused by other factors like the quality of graphene from different
devices, impurities, contact polarisation and contact resistance. These variations
are so large that one can draw a horizontal line across any of the spin parameters
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apart from the resistance and be within the 95% confidence interval for all widths,
rendering it impossible to argue for any width dependence. However, as mentioned
before it is also not reasonable to argue for no width dependence due to the small
sample size and hence the only conclusion made from this is that further studies
need to be conducted using a larger sample size.

4.4 Hanle spin angle
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Figure 4.7: Symmetric and asymmetric Hanle signals for current bias I = 400 pA.
Black (red) dots indicates measured parallel (anti parallel) Hanle signals. Blue dots
indicate the average Hanle signal of parallel and anti parallel calculated according to
Equation (3.14). Green (purple) dots indicate the symmetric (asymmetric) compo-
nents of the average Hanle signal calculated using Equation (3.15) and its respective
solid line is the data fitted to Equation (3.16).

Figure 4.7 shows Hanle signals when injector and detectors magnetisation is P and
AP which has different directions in amplitude, as proposed by Equation (3.13).
These signals were used to calculate an average using Equation (3.14) to remove
any signal background and plotted in Figure 4.7. The average signal was then
decomposed into its symmetric and asymmetric components using Equation (3.15),
fitted to Equation (3.16) and plotted in Figure 4.7. The amplitude of the symmetric
component is very large in comparison to the asymmetric, indicating a low angle
between the spin current injection and detector magnetisation direction. This is
expected as the devices were designed with parallel contacts and symmetric signal
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arise from spin current parallel to contacts while asymmetric arise from spin current
perpendicular to contacts. The Hanle spin angle was calculated to be ¢ = 4.8 &
0.8° by using Equation (3.17) and the amplitudes for symmetric and asymmetric
components in from Figure 4.7. With such a small angle, the asymmetric component
should not affect the spin measurements by any significant factor and can therefore
be neglected.

4.5 Suggestion for future work

The research conducted for this project would require future work to draw any sig-
nificant conclusions. Here I present some points of improvements for future work.

(1.)

34

More measurements would enable a more in depth analysis which could pro-
vide a better understanding of the width dependence and may also enable a
statistical analysis. One way to do this is to improve the fabrication method
to find a more reliable recipe for spintronic devices. Such an improvement
could be to purchase or grow higher quality graphene as the results shown
above hints at low graphene quality or to find a better development process
to reduce imperfections and increase overall device quality.

It could be interesting to investigate fabrication methods such as parameters
for EBL to create higher resolution exposures to fabricate devices with smaller
channel width, channel length and contact width. However, as this would add
more complexity to the project it might be deemed better to first complete
experiments on larger devices before trying to minimize sizes even further.

It could also be interesting to look at different shapes of contacts such as a
circular contacts for applications such as Heisenberg machines as suggested by
Bunaiyan et al. [55]. Current problem for circular contacts is to design a suf-
ficient small circular contact with extended contacts connecting it to bonding
pads.
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Conclusion

NL spin valve and NL Hanle precession was measured for devices fabricated and the
measurements showed large peaks indicating a high polarisation of the FM contacts,
low SNR, excellent spin transport characteristics. Upon investigating current bias
dependence, it was concluded that AVyy is linearly dependent on current bias while
the extracted spin parameters Ag, Dg and T4 showed no current bias dependence.

It has been demonstrated that NL spin measurements was achieved for uniform
2 and 3 pm and non-uniform 1 — 2 pum wide graphene strips with average spin
diffusion length (Ag) 1.59 pm for uniform and 1.4 pm for non-uniform, average
spin diffusion (Dg) 0.04 m?/s for uniform and 0.03 m?/s for non-uniform, and av-
erage spin lifetime (75) 88.15 ps for uniform and 79.84 ps for non-uniform. A uni-
form graphene strip showed better spin current performance, less noise and larger
peaks compared to non uniform graphene strips, most likely due to increased edge
scattering in non uniform strips as discussed in Section 4.3. The biggest peak
(AVnp =447+ 1 V) in spin valve and Hanle measurements were achieved with a
uniform 2 pgm wide graphene strip with current bias I = —100 pA and spin param-
eters with \g = 1.33 pum, Dg = 0.02 m?/s and T = 85.57 ps.

When examining the spin parameters width dependence, no significant conclusion
could be drawn. All measurements show too much variation rendering it impossible
to determine any trends in data points. With further studies, one could gather more
measurements and may find a trend one could draw a conclusion from.

Measuring one of the devices Hanle spin angle it was calculated to be ¢ = 4.8 +0.8°.

As this is a very low angle it was concluded that the angle between injection and
detection to not be a determining factor to the lack of measurable devices.
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A

Fabrication

Fabrication done as a part for this master’s thesis project is presented in this ap-
pendix. All fabrication was done in cleanroom facilities at Myfab Chalmers.

A.1 Fabrication process for the spintronic devices
on chip Gr-1

Chip Gr-1 containing nine spintronic devices of chemical vapor deposition (CVD)
graphene with ferromagnetic (FM) Co/TiO5 and nonmagnetic (NM) Au/Ti contacts
was fabricated as a part of this master’s thesis project. The fabrication recipe is
described here.

A.1.1 Mask design

Software AutoCAD was used to design the mask for electron beam lithography
(EBL). Each device has graphene patterns of width between 1.5 - 3 pm, NM contacts
(purple) of width 1.6 - 3.2 pm and FM contacts (orange) of width 50 - 550 nm. This
gave each FM contact its own individual width and therefore an individual coercivity
(see Section 2.2.1). An example of a mask design can be seen in Figure A.1 (a).

A.1.2 Chip preparation

A 7 x 7 mm chip was cut out of a 4”7 Si/SiO, wafer with CVD graphene prepared
by Grolltex Inc and protective resist on-top. The protective resist was removed by
cleaning the chip with acetone at 80 °C for 5 minutes, then in acetone at room
temperature (RT) for 2 minutes followed by isopropyl alcohol (IPA) at RT for 2
minutes. The chip was then carefully dried by Ny blow drying.

A.1.3 Electron beam lithography for graphene patterns

After cleaning, the chip had to be prepared for EBL. This was done by spin coating
two layers of resist onto the chip. The first layer was done by spinning MMAS.5MAA
ELS8 for 60 seconds with a rotation speed of 6000 rpm and an acceleration of 3000
rpm/s. This was followed with soft baking at 130 °C for 10 minutes. The second
layer was done by spinning ARP 6200 13 1:2 for 60 seconds with a rotation speed
of 6000 rpm and an acceleration of 3000 rpm/s. This was followed with soft baking
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A. Fabrication

at 130 °C for 10 minutes.

Next step was to expose the resist using EBL according to graphene patterns (see
Section A.1.1), which was done with an electron beam current of 2 nA and a dose
of 240 pm/cm?. The resist was then developed in n-amyl acetone for 1 minute and
15 seconds followed by MIBK:IPA 1:1 for 45 seconds.

The chip was then etched using oxygen plasma with a power of 25 W for 30 seconds
to remove all non-protected and unwanted graphene. All remaining resist was then
removing by cleaning in acetone at 80 °C for 5 minutes and in acetone at RT for 2
minutes min followed by IPA at RT for 2 minutes. Chip was then carefully dried
with Ny blow dry.

A.1.4 Electron beam lithography, physical evaporation de-
position and lift-off for nonmagnetic contacts

Two resist layers were spin coated and soft baked using the same process as de-
scribed in Section A.1.3 and then exposed using EBL according to the NM contacts
pattern (see Section A.1.1). The exposure was done in two steps. First a smaller
current of 2 nA and a smaller dose of 240 pm/cm? was used to expose the smaller
details around the device to minimise proximity effects, then a larger current of 35
nA and a larger dose of 350 pm/cm? was used to expose parts of contacts far away
from device to speed up exposure time. The resist was then developed using the
same process as described in Section A.1.3.

Electron-beam physical vapor deposition (EB-PVD) in a high vacuum chamber
(1 — 21077 Torr) were used to deposit 15 nm of Ti followed by 80 nm of Au.
The Ti layer is used to aid Au adhere to the SiO, layer.

Since deposition deposits metal everywhere on the chip, it was needed to remove
unwanted metal to create the desired contacts. This was done by performing lift-off,
where the edges of the chip were scratched carefully with a scalpel to expose the
resist below for solvents. The chip was then put in acetone at 80 °C until unwanted
metals were lifted off. The chip was then cleaned in acetone at 80 °C for 5 minutes,
then in acetone at RT for 2 minutes followed by IPA at RT for 2 minutes.

A.1.5 Electron beam lithography, physical evaporation de-
position and lift-off for magnetic contacts

Three resist layers were spin coated and soft baked. The first layer was done by
spinning MMAS&.5 MAA ELG6 for 60 seconds with a rotation speed of 3000 rpm and
an acceleration of 1000 rpm/s followed by soft baking at 130 °C for 3 minutes. AR-
P 6200.13 1:2 was then spin coated on-top for 60 seconds with a rotation speed of
6000 rpm and an acceleration of 1000 rpm/s followed by soft baking at 130 °C for
3 minutes. Next layer was done by spinning 950 PMMA A3 for 60 seconds with a
rotation speed of 6000 rpm and an acceleration of 1000 rpm/s, and was soft baked

IT



A. Fabrication

at 130 °C for 3 minutes. A conducting layer of Espacer 300Z to avoid charge-up was
added on top of this by spinning for 60 seconds with a rotation speed of 2800 rpm
and an acceleration of 1000 rpm/s. Unlike the previous layers, this last conducting
layer does not need to be soft baked.

The resist was then exposed using EBL according to the FM contacts pattern men-
tioned in Section A.1.1. The exposure was done in two steps, one with a low current
(2 nA) and a low dose (240 pm/cm?) and the other with a larger current (100 nA)
and a larger dose (350 pm/cm?). The reason for this is the same as for NM contacts
(see Section A.1.4). The chip was first cleaned in HyO for 30 seconds to remove the
conducting layer, then developed in HyO:IPA 7:93 for 60 seconds, n-amyl acetate for
60 seconds and MIBK:IPA 1:3 for 60 seconds, and then carefully blow dried with Nj.

2 A of Ti were deposited using EB-PVD in a high vacuum chamber (8-10~7 Torr) and
oxidised by pumping in oxygen into the chamber until chamber reached a pressure
of 10 Torr. It was then left to oxidise for 10 minutes before pumped down again to
deposit 60 nm of Co in high vacuum (4.2 — 4.5- 1077 Torr) and 2 nm of Al in high
vacuum (4.1 - 1077 Torr). The desired design was then achieved after performing

lift-off as described in Section A.1.4. Example of completed device can be seen in
Figure A.1 (b).

Figure A.1: Device 6 on chip Gr-1. (a) Mask design for graphene (white), non-
magnetic gold contacts (purple) and magnetic cobalt contacts (orange) made in
AutoCAD. (b) Microscopic image of final device, where graphene can be faintly
spotted with a darker texture compared to the SiOy background, nonmagnetic gold
contacts with a yellow colour and magnetic cobalt contacts with a grey colour.
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A.2 Fabrication process for the spintronic devices
on chip Gr-2

Chip Gr-2 consists of 15 spintronic devices of CVD graphene with FM Co/TiO,
contacts and was fabricated as a part of this master’s thesis project. The fabrication
process is described here.

A.2.1 Mask design

A mask for graphene pattern and magnetic contacts to be used in EBL was designed
using software AutoCAD. The graphene patterns width ranged from 100 nm to 3
pm and the magnetic contacts width ranged from 50 nm to 600 nm (1.5 pm for
reference contacts). An example of a mask design can be seen in Figure A.2.

Figure A.2: Mask designs for device 4 (a) and device 5 (b) on chip Gr-2 using
software AutoCAD. Graphene pattern is highlighted in light blue and magnetic
cobalt contacts in orange. The violet (white) square around the device denotes
where low current exposure ends (high current exposure begins) for graphene EBL
exposure.

A.2.2 Chip preparation

A 7 x 7 mm chip was cut out from a Si/SiOy wafer with CVD graphene and a
protective resist on-top. The protective resist was removed by cleaning the chip by
first putting the chip in acetone at 80 °C for 5 minutes followed by 2 minutes in RT
acetone and 2 minutes in RT TPA and carefully dried by Ny blow drying.
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A.2.3 Electron beam lithography for graphene patterns

Three layers of resist were spin coated and soft baked on-top of the graphene. Spin
coating MMAS&.5 MAA ELG6 for 60 seconds with a rotation speed of 3000 rpm and
an acceleration of 1000 rpm/s and soft baking at 130 °C for 3 minutes was done to
make the first layer. For the second layer, AR-P 6200.13 1:2 was spin coated for
60 seconds with a rotation speed of 6000 rpm and an acceleration of 1000 rpm/s
followed by soft baking at 130 °C. 950 PMMA A3 was spin coated for the last resist
layer for 60 seconds with a rotation speed of 6000 rpm and an acceleration of 1000
rpm/s and soft baking at 130 °C for 3 minutes. A conducting layer was added on
top of this by spinning Espacer 300Z for 60 seconds with a rotation speed of 2800
rpm and an acceleration of 1000 rpm/s and no soft baking.

The resist was then exposed using EBL according to the graphene patterns mask de-
sign (see Section A.2.1), which was done with 2 steps, one low current and one high
current. First, a low current of 2 nA were used to expose around the devices, with
varying doses calculated to minimise proximity effect. A higher current of 100 nA
and a dose of 350 pm/cm? were used to expose parts further away from the device
where the proximity effect from this exposure would not affect the resist close to de-
vices. After exposure, the chip was first cleaned in HyO for 30 seconds to remove the
conducting layer, then developed in HyO:IPA 7:93 for 60 seconds, n-amyl acetate for
60 seconds and MIBK:IPA 1:3 for 60 seconds, and then carefully blow dried with Nj.

With unwanted graphene now exposed after development, this graphene was re-
moved by oxygen plasma etching, which was done with a power of 25 W for 30
seconds. The rest of the resist was then removed by cleaning the chip in acetone
at 80 °C for 5 minutes followed by acetone at RT for 2 minutes and IPA at RT
for 2 minutes. Chip was then carefully dried with Ny blow dry. Example of etched
graphene can be seen in Figure A.3.

Figure A.3: Microscopy images of device 4 (a) and device 5 (b) after etching
graphene.
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A.2.4 Electron beam lithography, physical evaporation de-
position and lift-off for magnetic contacts

Four layers of resist were spin coated, soft baked, exposed using EBL according to
the magnetic contacts mask (see Section A.2.1) and developed with the same pro-
cesses as described in Section A.2.3.

The TiO, TB was created by first depositing 2 A of Ti at high vacuum (8-10~7 Torr)
by EB-PVD, and then decreasing pressure in the chamber to 10 Torr and letting
the Ti oxidise for 10 minutes. The chamber was then pumped back down to high
vacuum (4.1 — 4.5 - 107" Torr) to deposit 60 nm of Co and 2 nm of Al

Lift-off was performed to remove unwanted deposited metal. First, the edges of the
chip were scratched carefully with a scalpel to create a path for chemicals to reach
the resist below. The chip was then set in acetone at 80 °C until all unwanted
metals were removed from chip. The chip was then cleaned according to the same
cleaning process described in Section A.2.2. Example of completed devices is shown
in Figure A 4.

(a) (b)

Figure A.4: Microscopy images of device 4 (a) and device 5 (b). Graphene can be
seen with a darker texture compared to the SiO, background and magnetic cobalt
contacts with a green colour.
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