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Abstract

Graphene exhibits mechanical and electrical properties which, coupled with its two
dimensional (2D) morphology, make it an attractive material component for inclusion in a
wide range of industries. Since the discovery of graphene in 2004, industry adoption has
been limited due to the demanding synthesis requirements for high quality and connected
graphene as well as the difficulties associated with direct incorporation. Chemical vapor
deposition (CVD) has emerged as the most cost efficient method for producing high quality
graphene at scales suitable for mass production. However, the 1000°C temperatures and
micrometer thick catalysts required for this process preclude direct inclusion in
applications with topographically varied surfaces as graphene is produced in planar sheets

that must be transferred.

One attractive application for graphene is as a diffusion barrier in CMOS
applications as the single atom thick material has shown significant ability to block copper
diffusion at elevated temperatures. For realization of this application, both the required
catalyst thicknesses and synthesis temperatures for graphene production must be reduced
to enable direct graphene incorporation on these nanoscale and nonplanar surfaces without
thermal damage to existing components. A second application in which graphene inclusion
would be beneficial is the field of spintronics, in which the spin orientation of electrons are
used as an additional degree of freedom for computation and information storage. This
beyond-CMOS application represents an avenue for significant improvement over current
technologies and graphene, with its weak spin orbit coupling and high electron mobility,

displays potential as a long-distance spin transport component of future spintronic devices.



Characterization of graphene’s spin transport properties has been primarily investigated in
a nonlocal spin valve device (NLSV), resulting in experimental spin transport parameters
orders of magnitude below those theoretical predicted. To advance graphene as a
component for future spintronic applications, new device designs to explore spin transport
phenomena not detectable in NLSV devices as well as scalable fabrication techniques will

be needed.

In this work, we develop graphene synthesis techniques to reduce required
temperatures through hydrocarbon precursor control during plasma enhanced chemical
vapor deposition (PECVD). Through manipulation of the size and ionization state of
hydrocarbon precursors that interact with the growth catalyst, we demonstrate 95% few-
to-monolayer graphene synthesis at 500°C on 50 nm catalysts, representing a 10-fold
reduction in catalyst thickness requirements at temperatures approaching the limit for direct
incorporation in CMOS applications. Additionally, we demonstrate manipulation of metal
catalyst morphology and composition toward controlling graphene layer number, defect
types, and uniformity. Characterization of trimetallic catalysts, compared to single metal
or bimetallic catalysts traditionally examined in literature, reveal that low temperature
graphene synthesis pathways can be manipulated through small additions of less reactive
metals (Gold and Copper) to primarily high reactivity metal catalysts (Ni) through both

energetic and surface modulation resulting in monolayer graphene synthesis.

While low temperature graphene synthesis techniques are needed for graphene
incorporation in current CMOS products, beyond-CMQOS applications do not necessarily

require temperature restrictions on synthesis as fabrication of these devices can implement



planar graphene as the first device component. To characterize graphene as a spin transport
channel, commercially available graphene grown at elevated temperatures is used to
address spin transport properties through design of a novel device configuration, the hybrid
drift diffusion spin valve (HDDSV), in which an additional transport channel is added to
the standard NLSV. This device architecture has not been previously studied and is aimed
at revealing magnetic contact effects on graphene spin transport as well as exploring drift
and diffusion interactions with respect to achievable spin signals. Wafer scale fabrication
of these devices is demonstrated and processing techniques are optimized to enable spin
signal detection on arrays containing 120 individual devices. Characterization of the new
HDDSV configuration reveals changes to detected spin signals in both the standard NLSV
portion and the added channel, revealing spin signals as large as 865€2 in the additional
transport channel compared to an average signal of 7.3Q in the traditional configuration.
The additional channels also exhibit detectable spin signal under a 3 point local
measurement, representing a potential avenue toward long distance spin transport and
enabling increased device complexity that will be necessary for the realization of graphene

based spintronic devices.

These findings represent the development of graphene synthesis and
characterization techniques aimed at advancing fundamental understanding and enabling
further practical application. The methods developed in this study serve as new avenues
for continued improvement toward direct incorporation of a material that has the potential

to revolutionize a number of fields.
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1: Introduction

The discovery of graphene in 2004 marked the realization of a new class of
materials, two dimensional (2D) atomic crystal systems, which had previously only been
theoretically predicted. 2 Graphene is a honeycomb lattice of sp? bonded carbon atoms
whose single atomic thickness, 0.14 nm bond length, and free electron in the out-of-plane
n orbital lead to extraordinary mechanical, optical, thermal, and electrical properties. In
the 16 years since the initial isolation of graphene, intense research has occurred in both
academic and industry settings to characterize graphene’s unique properties, develop
synthesis techniques suitable for high-quality and scalable production, and advance

avenues for graphene incorporation in a wide variety of fields.

Despite intensive investigative efforts over the past decade, graphene adoption by
industry has been slow, primarily due to the demanding synthesis requirements for high
quality and connected graphene film production as well as the difficulties associated with
graphene transfer to targeted non-planar substrates. These challenges have resulted in
graphene inclusion in only a small number of commercial products through synthesis
processes that utilize imperfect, multilayer, and disconnected graphene domains not
exhibiting the achievable properties of pristine and connected graphene. One objective in
this dissertation research is to identify and develop synthesis techniques to improve
achievable graphene quality through processes amenable to semiconductor industry
incorporation and develop new device architectures to characterize graphene spin
transport properties toward the advancement of graphene as a material component for the

next generation of nanoelectronics.



1.1: Graphene Overview: Properties, Applications, and Synthesis Techniques

Graphene was first experimentally isolated via mechanical exfoliation from
graphite in 2004 and launched intense research activities to characterize the zero band
gap semiconductor’s properties, in which electrons in the out of plane -orbital behave as
massless particles®, and develop scalable methods for production. Pristine graphene
isolated through exfoliation is the strongest material yet discovered, with a Young’s
modulus of 1 TPa and intrinsic strength of 130 GPa, * and, when suspended, exhibits
ballistic transport over millimeter scales at room temperature® with an achievable electron
mobility of 2.5 x 10°cm? Vs, Additionally, graphene exhibits anisotropic thermal
conductivity, in-plane 300W mK™ and out-of-plane 7 mK,  10° higher current densities
than copper’ and 100 times the mobility of Silicon®. Graphene’s sp? bonded carbon atoms
exhibit weak spin orbit coupling (SOC)® enabling the spin state of injected electrons to
travel long distances undisturbed. Finally, graphene’s electronic properties can be
influenced by the nearest neighbor material, termed the proximity effect, due to the single

atomic thickness and surface interactions driven by the out of plane n-orbital network %!

With applications ranging from flexible electronics??, transistorst?, diffusion
barriers!*, energy generation and storage®®, high strength composite materials®, and
interconnects for spintronic applications and quantum computing®’ the potential exists for
graphene to revolutionize a wide variety of industries. However, the extraordinary
properties exhibited by pristine graphene, free from grain boundaries, vacancies, and out
of plane sp® hybridization or doping of the film, are significantly diminished as defect

concentrations increase.'820



With sizes of mechanically exfoliated graphene limited to the centimeter scale,
incorporation by applications that would benefit from large-area connected films with
low defect densities require the development of scalable graphene synthesis procedures.
Numerous graphene synthesis processes have been identified, including liquid phase and
thermal exfoliation?!, molecular assembly??, synthesis from silicon carbide?, and
chemical vapor deposition (CVD)?, each with varying costs, achievable domain sizes
and quality, as well as synthesis and catalyst requirements. Of these methods, CVD
currently represents the best achievable quality through scalable and cost efficient
processes that are currently used in semiconductor industry applications, though high
synthesis temperatures, thick catalyst requirements, and transfer limitations remain as

roadblocks to incorporation.?®

1.2: Graphene Synthesis via Chemical Vapor Deposition

Chemical vapor deposition (CVD) has emerged as a promising route for scalable
graphene synthesis enabling quality and layer number control suitable for CMOS
applications requiring connected films with reduced defect densities. Graphene synthesis
via CVD occurs through exposure of a target substrate to a carbon containing precursor
followed by dehydrogenation of the carbon precursor resulting in active carbon species
available for graphene formation.?® The temperature required for graphene synthesis, the
number of graphene layers, and the quality of the resultant film are dictated by the
catalytic activity and carbon solubility of target substrate, the stability and size of the
carbon precursor, and the reaction environment conditions. First attempts were made with

nickel (Ni) and iron (Fe) catalyst materials, resulting in inhomogeneous films dense in
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bilayer, few-layer, and many-layer regions.?” Later, rapid thermal annealing of SiO;
supported Ni films was introduced to produce monolayer graphene at 1080°C.% Copper
as a catalyst for graphene growth was first introduced by Li and co-workers in 2009, who
reported large-areas of high-quality and uniform graphene formed on Cu foil.?° They
suggest that Cu exhibits self-limited growth characteristics, due to its relatively low
carbon solubility in contrast to Ni, Fe and most other transition metals. Recent
advancements in CVD graphene using Cu catalysts have greatly refined this process and
even identified parameters for growing few-layer graphene through variation of the Cu

surface morphology.*

Other critical CVD parameters have also been investigated, such as hydrogen (Hz)
concentration relative to hydrocarbon gas precursors as well as the use of liquid phase
carbon precursors to reduce required synthesis temperatures. 3-3* The vast majority of
large-area graphene to date (including roll-to-roll graphene *) has been grown using
thick Cu foils as both growth catalyst and substrate.?%3%:323336 This graphene fabrication
technique has enabled successful companies in the US and overseas to provide graphene
to both industrial and academic customers. Though this has increased graphene
availability, synthesis temperatures remain in excess of 800°C and catalyst thickness
requirements preclude direct incorporation without transfer from the Cu growth surface
to the target substrate. For a CMOS front end of the line (FEOL) application, where
planar devices are formed and isolated, a growth and mechanical transfer process may be
feasible, however, incorporation in back end of line (BEOL) applications will require

direct incorporation as non-planar device components necessitate a transfer-free process.
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Research efforts to reduce both the required synthesis temperatures and necessary
catalyst thicknesses to produce continuous graphene films are ongoing with examinations
of alloy metal catalysts®’, liquid phase precursors®, and the optimization of plasma
enhanced CVD (PECVD) * techniques, however a technique suitable for graphene

inclusion in current CMOS technologies has not been demonstrated.

1.2.1: The Chemical Vapor Deposition Mechanism

As previously discussed, the majority of high quality and large area graphene is
currently produced via CVD techniques with gaseous hydrocarbon precursors,
micrometer scale Cu as both catalyst and substrate, and synthesis temperatures in excess

of 800°C.

] CVD PECVD

——
Tonization
."......
IE
'.‘.:

Figure 1.1: Comparison of 1) CVD and 1) PECVD techniques for graphene growth pathways on both low
carbon solubility (1-4) and high carbon solubility (1-4 and 5-6) catalysts.

The typical CVD process (Fig. 1.1) occurs through introduction and adhesion of a
hydrocarbon precursor to the target surface (Fig. 1.1: 1), dehydrogenation of the carbon

precursor (Fig. 1.1: 2) resulting in ionized carbon species on the target surface (Fig 1.1:



3). From this point, the carbon species can participate in graphene formation (Fig 1.1: 4)
or, in the case of high carbon solubility catalysts, be absorbed into the material bulk (Fig
1.1: 5) and participate in graphene formation following precipitation upon cooling (Fig
1.1: 6).% PECVD techniques represent an avenue to reduce required reaction
temperatures through ionization of the hydrocarbon precursor prior to interaction with the
targeted growth substrate (Fig 1.1: green 1) thereby reducing the energy required for
dehydrogenation.? This synthesis pathway represents a scalable method for graphene
synthesis utilizing processes commonplace in the semiconductor industry, however, layer
number control and synthesis of connected films below 600°C remains a challenge. One
goal of this research project is to develop PECVD techniques, in conjunction with
catalyst design, to reduce catalyst thickness and synthesis temperature requirements. In
the following sections, a review of the current state of low temperature graphene

synthesis will be discussed.

1.2.2: Graphene Quality Determination via Raman Spectroscopy

The reduction of graphene synthesis temperatures often results in the increased
occurrences of defects in the film. These defects manifest as imperfections in graphene’s
network of sp? hybridized carbon atoms in three primary ways: as 1) vacancies, due to
either insufficient carbon availability or damage from high energy electron or ion
interactions, 2) sp® hybridized carbon molecules, due to incomplete dehydrogenation or
doping, or 3) misaligned grain boundaries, due to numerous nucleation events resulting in

graphene film formation from connections of multiple smaller domains. The types of



defects, the defect concentration, and the layer number of a graphene film can be

identified through characterization via Raman spectroscopy. %!

Raman spectroscopy characterization occurs through detection of inelastic
phonon-electron scattering events from exposure to an excitation laser.***2 The Raman
spectra for high quality graphene (Fig. 1.2) with 532 nm excitation is represented by three
primary peaks, the D peak at 1350 cm?, indicative of defects, the G peak at 1580 cm™,

and the 2D peak at 1680 cm?, indicative of sp? hybridization.*?

Intensity (a.u.)

T FWHM,,

= Defective Graphene
High Quality Graphene

1250 1750 Raman Shift (cm) 2250 2750

Figure 1.2: Typical Raman spectra detected from graphene displaying D, G, and 2D peaks. The
ratios of these peak intensities are used to characterize graphene quality and layer number. In
defective graphene, the D’ peak is observed can be used to identify defect types.

The ratio of the intensities of the 2D peak to the G peak, l2p/c, represents the layer
number, with an increased intensity representative of fewer layers. Similarly, the full
width half maximum of the 2D peak, FWHM:p, is another indicator of the number of
graphene layers present, with FWHM_p less than 30 cm™ representative of monolayer
graphene in pristine samples** and FWHMq2p less than 45 cm™ representative of
monolayer graphene in defective, CVD graphene. Note that if multiple layers of

graphene have basal, AB, stacking, the number of layers can be determined through the
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number of Lorentzian functions necessary to fit the 2D peak, however, multiple layers of
non-AB stacked graphene do not exhibit this property.*° The ratio of the intensity of the
D to G peaks, lprg, is indicative of defect densities present in the film with an increased
Ibie representing increased defect occurrences. In highly defective graphene, the D’ peak
is observed and the ratio of intensities of D and D’ peaks, Ip/p’, can be used to identify the

dominant defect types (sp®, vacancy, or grain boundary) present within the film, 44

Though the ultimate goal of research efforts around the globe is the identification
of synthesis techniques resulting in pristine graphene formation on non-catalytic surfaces,
the research presented here aims to identify graphene synthesis techniques suitable for
CMOS and beyond-CMOS applications. In the case of diffusion barriers, connected
graphene films with primarily sp® type defects may outperform films with vacancies or
grain boundary type defects. Additionally, there is evidence suggesting that targeted
control of defect types and densities can provide an avenue to improve graphene spin
transport properties.*® Raman spectroscopy, in conjunction with SEM inspection, is used
to characterize the quality, layer number, and continuity of graphene films produced

throughout this project.

1.2.3: Challenges Associated with Low Temperature Graphene Synthesis

Currently, most high quality and large area graphene is produced via CVD
techniques with gaseous precursors, micrometer scale Cu as a catalyst and support, and
synthesis temperatures in excess of 800°C.26:2%47-49 Dye to the relative thickness of the

catalyst and elevated synthesis temperatures, these growths require a transfer process to



the target substrate which limits incorporation of graphene to applications with only
planar geometries. In recent years, significant research efforts have focused on reducing
required synthesis temperatures and catalyst thicknesses with an ultimate goal of
developing techniques for direct synthesis on substrates other than transition metal
catalysts.>%>3 An advancement in these synthesis techniques would eliminate damage and
geometry related constraints associated with the transfer process while enabling direct
incorporation of graphene in a variety of fields; from the semiconductor industry as an
ultrathin diffusion barrier to the aerospace industry as lightweight strengthening and
protective coatings.>*°® Researchers have identified three promising avenues towards this
goal: the application of plasma enhanced CVD (PECVD) processes, the use of bimetal
catalysts, and the choice of hydrocarbon precursor phase and configuration. Despite
these advancements, control of graphene layer number and film connectivity remains a
significant challenge as reaction temperatures and catalyst thicknesses are reduced. > For
example, PECVD techniques relying on ionization of the carbon precursor to reduce the
energy required for graphene synthesis have yielded quality graphene at 600°C on
predominantly copper Cu/Ni alloys, however incomplete dehydrogenation and multilayer
formation is observed upon further temperature reduction due to the reduced catalytic
activity of the primarily Cu substrate.®” Similarly, transition metals with partially filled D
orbitals (Fe, Co, Ni) have been identified as suitable candidates for CVD synthesis
temperature reduction due to their increased ability for carbon ion stabilization, however,
the increased carbon solubility in these metals leads to uncontrollable layer formation

upon cooling.%®-%2 In attempts to alleviate this issue, Ni has been combined with less



reactive metals, such as Au, to suppress the formation of multilayer films through
suspected passivation of the catalyst surface and reduction of carbon adsorption rates into
the catalyst bulk, while reducing synthesis temperatures necessary to grow few-layer to
monolayer films to 450°C following a 600°C anneal of the catalyst prior to growth.®
Though these results are promising, they require catalyst thicknesses of 500 nm or greater
to minimize multilayer formation as well as elevated temperature catalyst pretreatments.
In addition to the research efforts mentioned above, numerous gaseous carbon precursors,
including methane, ethane, and propane, have been investigated and reveal that larger
carbon precursor molecules allow graphene synthesis at reduced temperatures due to
increased ion stability and reduced energy requirements for dehydrogenation.®*54 This
trend has led to the development of CVD techniques employing solid phase and liquid
phase carbon sources to further reduce required reaction temperatures for graphene
synthesis through an increase in carbon precursor size.>3%>% Graphene synthesis at
300°C has been performed with benzene and poly(methyl methacrylate) (PMMA) on Cu
substrates, however 1000°C pretreatment of the catalyst is required prior to the
synthesis.®®%” These results demonstrate the synergistic relationships among the carbon
precursor molecule size, the ionization state, the target substrate reactivity, and the
carbon solubility and thickness of the catalyst. Although graphene formation on low
reactivity catalysts has been carried out through ionization of the hydrocarbon precursor
and graphene growth on high reactivity catalysts has been achieved through both bimetal

catalysts and increased hydrocarbon precursor sizes, techniques for in situ manipulation
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of carbon precursors tailored to the specific target substrate have not been thoroughly

investigated.

Graphene synthesis at reduced temperatures has suffered from uncontrollable
multilayer formation in the case of high carbon solubility thin-film catalysts or high
temperature catalyst pretreatment requirements in the case of large carbon precursors. 2%’
These problems stem from rapid catalyst saturation in the first case and reduced mobility
of carbon species on the catalyst surface in the second. One avenue to overcome these
challenges is a synthesis technique that utilizes both larger carbon precursor molecules to
reduce the saturation rate of the catalyst bulk, and increased reactivity molecules to
enable film completion between the nucleation locations of the larger molecules.
Additionally, while bimetallic and alloy catalysts have shown promise for graphene
synthesis temperature reduction and layer control, further optimization of morphology

and composition is necessary for inclusion in industry applications.

1.3: Graphene as a Spin Transport Channel

While the primary effort toward graphene inclusion in current CMOS products
revolves around reducing synthesis requirements to be compatible with existing
components without degrading graphene’s desirable characteristics that represent
improvements over currently implemented materials, realization of graphene in beyond-
CMOS architectures does not suffer from this limitation. For these applications, high
temperature synthesis is feasible due to graphene film inclusions as the first fabrication

step, leading to the possibility of fabrication techniques benefitting from commercially
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available high quality graphene on the wafer scale. Recently, significant research
activities have been focused on characterization of graphene as a spin transport channel
for quantum computing and spintronic applications. These new technologies are
necessitated as CMOS based interconnects with nanoscale dimension are facing
tremendous challenges including the quantum limit, leakage, thermal constraints,
signal/power integrity, and device parameter variability. These obstacles accelerate the
need for new approaches to information storage and signal processing that would enable
sustainable and functional scaling beyond the domain of CMOS.%8° Alternative options
using spin-based phenomena, which exploit the spin freedom of electrons as carriers in

electronic circuits, show promising merit to overcome these challenges.”®"2

The field of spintronics, centered around injecting, manipulating, detecting, and
optimizing the spin effects in electronic devices, is now witnessing intense interest
following the discovery of the spin transfer torque effect.”>"® Graphene has remained at
the forefront as a promising material candidate for long-distance communication and
spin-logic nanotechnologies.”®# With low intrinsic spin—orbit coupling and negligible
hyperfine interaction, the predicted spin coherence length in graphene can extend up to a
hundred micrometers, with spin lifetimes exceeding a microsecond.®? In more than a
decade of intensive investigations by a worldwide research community, the potential of

graphene as an emerging material for spintronics has been established.

Experimental demonstrations of spin transport in graphene have been achieved by

interfacing graphene with other classes of materials including ferromagnetic (FM)

12



materials, semiconductors, and metal electrodes to enable spin manipulation, such as in
the generation of pure spin current using non-local lateral spin valves or the control of
magnetization in adjacent FMs through the spin torque phenomena.l”84-8¢ Researchers,
using hexagonal boron nitride (h-BN) encapsulated exfoliated graphene as a transport
channel in a nonlocal spin valve (NLSV), have detected a spin diffusion length of 12 um
and a spin lifetime of 2 ns.®® Most recently, a group from Germany using a similar h-
BN/graphene encapsulation in the NLSV configuration, obtained a spin diffusion length
of 30.5 um at room temperature and a spin lifetime of 12.6 ns.8” Although these results
are exciting, they are still well below the theoretically predicted graphene intrinsic limit,
with uncertainty related to the dominant spin relaxation mechanism in graphene and spin
interactions with other device components as likely responsible for the discrepancy.®:8°
For graphene incorporation as a spin transport channel to be realized, new device designs
must be developed to reveal graphene’s intrinsic spin transport properties and enable the

realization of spintronic platform technologies.

1.3.1: Investigation of Graphene’s Spin Transport Properties

Pure spin currents transport only spins (spin angular momenta), unlike
conventional spin-polarized currents, which carry both charges and spins.®® One well-
known method to generate a pure spin current is non-local spin injection. When spin-
polarized current is injected from a ferromagnetic (FM) material into a non-magnetic
(NM) material, spins are accumulated in the vicinity of the FM/NM interface. The
accumulated spins can then diffuse in the NM material to form a pure spin current in

which no charge current is present. ®* The most commonly used device geometry for
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measuring graphene spin transport properties is the NLSV as shown in Figure 1.3. This
NLSV consists of two metal contacts (C1 and C4) and two FM contacts (C2 and C3)
sitting on top of a graphene ribbon serving as the spin transport channel. The contact C2
serves as a spin injector and C3 serves as a spin detector. The predominant advantage of a
NLSV is that a pure spin current without charge flow can be generated. The measured
spin signal is sensitive only to the relative orientations of spin populations at the detector
and the spin accumulation at the injector, a signal that exhibits little background noise
associated with charge current in a local configuration. The polarizations of the
interfaces, spin diffusion lengths, and spin lifetimes can be determined by measuring the
spin signals with varying injector and detector separations, and through a Hanle spin

precession measurement with an applied transverse magnetic field.%2

Utilizing this type of NLSV device, several groups have measured spin transport
parameters in single layer graphene (SLG), bilayer graphene (BLG), and multilayer
graphene (MLG).%*-% The pioneering work, done by the van Wees group from Zernike
Institute for Advanced Materials in the Netherlands, demonstrated gate tunable spin
transport and spin precession in SLG at room temperature.®® In that work, the electrical
detection of spin precession was particularly important, as it proved the observed signals
originated from spin transport and also suggested that the spin relaxation lengths were
weakly dependent on charge density. Using similar NLSV devices, several other groups

have carried out various investigations, including the measurement of anisotropic spin
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Figure 1.3: A schematic of the standard graphene NLSV in which spin injection at the FM injector (C2)
results in spin polarized charge current traveling to the contact (C1), while spin diffusion occurs toward
(C3) and is measured as a non-local voltage between the FM detector (C3) and contact (C4). The red to
blue represents high to low gradient of C1 aligned spin concentrations.

relaxation %, local spin transport in MLG 3, spindrift effects %, and bias dependence of
spin injection.®® Although most of NLSV measurements have been on exfoliated graphene
(known for its high quality), Kamalakar and co-workers from Sweden, reported using a
NLSV channeled by Cu-foil-catalyzed CVD grown graphene to obtain spin transport and
precession over long channel lengths up to 16 um, a spin lifetime of 1.2 ns, and a spin
diffusion length ~6 pm at room temperature. These spin parameters are the highest for
CVD graphene transferred to SiO»/Si substrates without using h-BN encapsulation, a
fabrication process that is very challenging for industrial mass production due to the

difficulty associated with acquiring large area h-BN thin films.

1.3.2: Challenges Associated with Measuring and Manipulating Graphene Spin Transport
Although both theoretical calculations and experimental results are promising, the
measurement and manipulation of graphene’s spin transport properties are primarily

carried out with a device similar to the one depicted in Figure 1.3, which will be referred
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hereafter as a ‘“standard NLSV”. To identify areas for graphene characterization
improvements, it is important to understand how the standard NLSV works. In Figure 1.3,
current is injected between the contacts, C1 and C2, and enables C2 to function as a spin
injector, due to the reduced resistance experienced by electrons with spins aligned to the
magnetic material through which they flow.!” During spin injection, spins accumulate in
the channel underneath C2 and are transported in both directions, towards C1 (as a
polarized charge current) and towards C3 (as a pure spin current). The pure spin current
can then be detected by measuring the voltage across C3 and C4, with C3 as the spin
detector. While a spin signal can also be detected between C1 and C2, it suffers from low
signal to noise as the spin signal is small compared to the charge signal present between
these two contacts. Instead, the nonlocal measurement of the pure spin current, or the signal
between C3 and C4, arises only from the diffusion of spin-polarized electrons and exhibits
increased signal to noise. This voltage (VnL) represents a non-equilibrium population of
spins under C3, and is positive or negative depending on the relative magnetic orientation
of C2 and C3, parallel (P) or antiparallel (AP). The relevant metric for spin transport is the
difference in voltage between C3 and C4 when C2 and C3 are in parallel and antiparallel
states, {AVnL= (Vnp — Viear)}, and it is often reported as a resistance through
normalization by the injection current, linj (ARNL = AVNU/linj). The ARnL is the nonlocal
resistance and represents a metric of spin signal that can be compared across devices with
varied materials and configurations. In a standard NLSV, the contacts C1 and C4 are often
made from non-magnetic but highly conductive metals, while C2 and C3 must be FM

materials to enable injection and detection of spin population imbalances.
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This type of NLSV configuration has been broadly adopted for studying graphene
spin-transport properties such as spin lifetime, spin diffusion length, and polarization
injection efficiency; however, the measured graphene spin transport parameters are
generally orders of magnitude smaller than those of theoretical predictions. Some reported
hypotheses and proposed models describing spin scattering mechanisms and contact-
induced dephasing by spin absorption in graphene are often inconsistent. To overcome
these challenges, based on a broad literature survey, two critical issues have been
identified, as reviewed below, that this research aims to address through novel device

designs.

1.3.3: The Role of FM Contacts on Spin Transport in a Standard Graphene NLSV

One of the experimental roadblocks resulting in the discrepancy between
theoretically predicted spin-transport parameters in graphene and experimentally
measured parameters is the detrimental effect of FMs and their use as contacts. To
elucidate these effects, several theoretical studies propose both spin scattering
mechanisms, such as resonant spin scattering by magnetic impurities 1%, and the
entanglement between spin and pseudospin by random spin orbit coupling *°%, which
yield calculated spin lifetimes in the experimentally observed range. Some experimental
and theoretical investigations demonstrate that the measured spin lifetimes are not
intrinsic to graphene, but are rather limited by invasive contacts.?®! Other studies
suggest that spin re-absorption at the FM interface leads to reduced spin lifetimes and
spin injection efficiencies due to the conductance mismatch between the FM contacts and

the graphene channel 1°2, Although the conductance mismatch problem can be alleviated
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with the insertion of a tunnel barrier (TB) at the spin injection interface 1%, fabricating
uniform TB layers on top of graphene is non-trivial due to low surface energy and high
surface diffusion leading to cluster formation. Recent developments in PVD fabricated
tunnel barriers (TBs) have shown pinhole free barriers that can be fabricated through
magnetron sputtering of Al followed by oxidation to form Al,0s.1% Additionally,
examinations of other FM contact-induced effects, such as fringe fields, magnetic
domain wall pinning, and current crowding at the FM spin injection interface reveal

significant roles in spin relaxation, 04195

Researchers at UC Riverside systematically evaluated the roles of spin absorption,
FM contact-induced effects, and bulk spin relaxation by analyzing Hanle spin precession
data and compared traditional models (TMs), that do not explicitly take spin absorption
into account, with spin adsorption models (SAMs), that account for spin relaxation
through spin adsorption at the FM contact.'% This study concluded that SAMSs better fit
experimental data obtained from the contacts with TBs, suggesting that interface effects
between FMs, TBs, and the graphene channel play primary roles in observed graphene
spin transport parameters. Though improvements to TB and FM quality are important,
characterizing their influence on measurements and maximizing their efficiency for

manipulation of graphene spin properties calls for new device configurations.

1.3.4: Hybrid Effect of Spin Drift and Diffusion in a Graphene NLSV
Currently, spin lifetimes (up to 12.6 ns) and spin diffusion lengths (up to 30.5um)

are experimentally acquired by measuring Hanle spin precession in SLG using the

18



standard graphene NLSV geometry.%” These experimental values are still significantly
lower than those theoretically calculated, where several hundreds of micrometer spin
diffusion lengths and a microsecond spin lifetime are predicted. & The two most
considered spin-relaxation mechanisms in metals and semiconductors are the Elliott-
Yafet (EY) and D’yankonov-Perel’ (DP) mechanisms. They are conventionally thought
to be mutually exclusive, as EY occurs in materials with intact inversion symmetry, while
DP is present in materials lacking or with broken inversion symmetry.1% Specifically, the
EY mechanism describes a spin relaxation probability increasing with momentum
relaxing collisions and the DP mechanism describes a spin relaxation rate inversely
proportional to the momentum scattering rate.'” Though a comprehensive mechanism
governing spin relaxation in graphene remains unidentified, the inverse dependence on
momentum of EY and DP mechanisms has provided opportunities for spin momentum
alteration to help clarify each mechanism’s influence. Additionally, recent research
indicates that spin and pseudo-spin interactions play an important role in spin relaxation
in graphene, suggesting that resonant scattering mechanisms may contribute to
discrepancies between theoretically predicted and experimentally observed spin lifetimes
based on spin orbit coupling models.*®1°! To take advantage of some of these
mechanisms and to improve graphene spin transport properties, several groups have
experimentally demonstrated that, by manipulating an external electrical field, graphene
spin diffusion lengths and spin lifetimes can be extended.1%:1%°110 [n 2016, van Wees’
group fabricated an h-BN encapsulated bilayer graphene (BLG) NLSV device to achieve

spin diffusion lengths up to 90 um by adding a DC circuit between the spin injector and
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spin detector to enable carrier drift assisted diffusion spanning over unprecedented
lengths.'1° By introducing an external field that does not extend to the spin detector, the
effect of charge carriers on pure spin transport can be realized without jeopardizing the
signal reaching the spin detector. Although this device incorporates h-BN encapsulation
of the graphene channel to minimize substrate effects leading to improved graphene spin
transport, the effect of charge carrier interactions with pure spin signal resulting in
enhanced spin transport parameters is demonstrated. These two phenomena, FM contact
and charge carrier momentum influences on achievable spin lifetime and transport
distances, represent areas for further characterization to enable graphene as a material

component in spintronic devices.

1.4: Problem Statement and Approach

Graphene exhibits many properties that would represent a significant
improvement in numerous industries. The lack of significant graphene incorporation in
these industries stems from demanding synthesis requirements for uniform and connected
films as well as a lack of fundamental mechanism descriptions for some properties that
are necessary for implementation. The aim of this project is to develop graphene
synthesis and characterization techniques to accelerate graphene inclusion in CMOS and
beyond CMOS applications that would benefit from graphene’s extraordinary mechanical
and electrical properties. Two areas which continue to represent challenges for graphene
inclusion have been identified: 1) synthesis temperature and catalyst requirements for the

direct incorporation of connected graphene films and 2) characterization of spin transport
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and relaxation mechanisms in graphene transport channels to enable incorporation as an

interconnect for spintronic applications.

To increase the viability of graphene incorporation in CMQOS applications,
graphene synthesis temperatures must be reduced to enable direct synthesis of graphene
on targeted substrates. For direct inclusion in CMOS applications, the upper limit of this
temperature range is 450-500°C to avoid mechanical damage to dielectric and metal
materials.®® Additionally, direct inclusion will require catalyst free synthesis pathways or
a significant reduction in required catalyst thickness such that the desired properties of
graphene are not diminished by a catalyst layer 3-4 orders of magnitude larger than the
resultant graphene film. Two techniques have been developed to reduce graphene
synthesis temperature and catalyst requirements, 1) carbon precursor size and ionization
manipulation targeted to the catalyst type during PECVD synthesis and 2) metal catalyst
compositions tailored to reduce multilayer formation on thin film catalysts. These
techniques are developed at 500°C with scalable catalyst deposition and graphene

synthesis procedures amenable to inclusion in the current semiconductor industry.

The second goal of this research project, characterization of graphene spin
transport properties, aims to increase the potential of graphene as an interconnect for
spintronic devices. The majority of proposed spintronic applications, which utilize
electron spin orientation, involve three primary phenomena, charge to spin conversion,
spin manipulation and transport, and spin to charge conversion. * Graphene, with weak

SOC, represents a promising material candidate to alleviate a significant challenge to the
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advancement of this field: long distance and stable spin transport interconnects between
logic operations. A review of the current literature has revealed two phenomena as areas
for further characterization and optimization, spin relaxation due to ferromagnetic contact
influences in standard NLSV devices and increased achievable spin transport distances
through external electric fields. This research aims to investigate these phenomena
through design, fabrication, and characterization of devices to identify ferromagnetic
contact influences as well as determine the presence of momentum transfer from drift to
diffusion elections in a graphene transport channel. A deeper understanding of these
phenomena will enable further optimization of achievable graphene spin transport
distances. Wafer scale device fabrication will be demonstrated with commercially
available high quality graphene, produced with traditional high temperature CVD
techniques, and industry standard lithography and metal deposition techniques to
demonstrate scalability of graphene based devices. These graphene synthesis and spin
transport results will be presented separately in the following two sections of this

document.
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2: Graphene Synthesis via Plasma Enhanced Chemical Vapor Deposition
Results in this chapter have been published in the following reference:

Zietz, O.; Olson, S.; Coyne, B.; Liu, Y.; Jiao, J. Characterization and Manipulation of
Carbon Precursor Species during Plasma Enhanced Chemical Vapor Deposition of
Graphene. Nanomaterials 2020, 10, 2235.1!

2.1: Hydrocarbon Precursor Manipulation

The choice of carbon precursor used during CVD and PECVD synthesis of
graphene has been shown to significantly impact the ultimate quality and layer number of
graphene produced. Presented in this section is a PECVD synthesis technique in which
the size and ionization state of carbon precursor molecules reaching the growth catalyst is
manipulated to reduce the rate of nucleation and absorption into the catalyst bulk,
resulting in the formation of a continuous few-to-monolayer graphene film at 500°C. This
is achieved through control of the inlet between a remote inductively coupled plasma
(ICP) location and the catalyst location that enables both ion screening and secondary
capacitively coupled plasma (CCP) generation. Improvements for the controlled growth
achievable with this precursor screening technique is demonstrated on a 50 nm thick
Ni/Cu catalyst in which 2 wt% Cu was used. This catalyst thickness represents a 10-fold
reduction compared to previously published results and allows us to eliminate the
elevated temperature pre-growth anneal required by previous reports.®” Characterization
of the generated plasma species is performed via UV-Vis inspection, while mass
spectrometer (MS) characterization of the growth chamber coupled with current
monitoring at the catalyst location enables identification of species reaching the catalyst.

It is observed that the layer number and defect concentrations can be controlled via ion
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screening processes, while a secondary ionization procedure leads to further reduction in

both defect concentrations and multilayer portions of the film.

2.1.1 Introduction

To develop a synthesis technique for enhanced control of graphene film quality
and uniformity at reduced temperatures, toward inclusion in CMOS applications, a
systematic characterization and manipulation of hydrocarbon precursors generated during
plasma enhanced chemical vapor deposition of graphene was performed. Remote
ionization of acetylene was observed to generate a variety of neutral and ionized
hydrocarbon precursors, while in situ manipulation of the size and reactivity of species
permitted to interact with the growth catalyst enabled control of the resultant graphene
morphology. Selective screening of high energy hydrocarbon ions coupled with a
multistage bias growth regime resulted in synthesis of 90% few to monolayer graphene
on 50 nm Ni/Cu alloy catalysts at 500°C. Additionally, synthesis with low power
secondary ionization processes were performed and reveal further control during the
growth, resulting in a 50% reduction in average defect densities throughout the film.
Mass spectrometry and UV-Vis spectroscopy monitoring of the reaction environment in
conjunction with Raman characterization of the synthesized graphene films enables
correlation of the carbon species permitted to reach the catalyst surface to the ultimate
quality, layer number, and uniformity of the graphene film. These findings reveal a robust
technique to control graphene synthesis pathways during plasma enhanced chemical

vapor deposition.
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2.1.2 Results and Discussion

All the experimental results are obtained in custom-built reactor as shown in

Figure 2.1 a that displays a schematic of the reaction chamber, with remote ICP location

and configurable inlet along the path from the plasma to the catalyst. A positive or
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Figure 2.1: a) Schematic of custom plasma enhanced CVD (PECVD) system with configurable inlet
enabling ion screening and secondary plasma generation as well as stage current monitoring, mass
spectrometry, and UV-Vis spectroscopy. (b Mass spectrum indicating chamber background (in black)
composition is primarily H20 and CO2 (m/z 18, 28, 44). Gas introduction, C2H2:H2 in a 0.1:15 ratio
(displayed in grey), results in increased detection of 1 and 2 carbon containing species (m/z 13-16, 24-26)
while 20W inductively coupled plasma (ICP) ignition (displayed in yellow) results in the detection of 3
and 4 carbon species (m/z 36-39, 47-50). (¢ UV-Vis spectrum collected for a 20W ICP (shown in blue)
and a 2.5W capacitively coupled plasma (CCP) (shown in orange) indicate the increased diversity of both
hydrogen and carbon signals present at the higher powered ICP while primarily H} and CH ionization
events occur in the low power CCP.
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negative voltage can be applied to the inlet plates independently to screen ions and/or
generate a secondary CCP. Current monitoring at the sample stage enables
characterization of the inlet plate effects on charged species reaching the catalyst.
Monitoring of the growth chamber via mass spectrometry permits identification of
neutral species reaching the catalyst location through analysis of fragments generated
upon ionization at the detector. lonized species generated in the plasma are not expected
to reach the MS which is separated from the main chamber by a leak valve. This is
verified by a lack of signal detected when the ionizing component of the MS is turned off
in the presence of plasma at the ICP or CCP location. As depicted in Figure 2.1 b, the
background composition of the chamber at 1x10-7 torr is primarily H.O and COx.
Introduction of C2H2 and Hy results in an expected increase in 1 and 2 carbon species
while ignition of a 20W plasma at the remote ICP location results in the generation of 3
and 4 carbon species, in agreement with previously reported characterizations of
acetylene plasmas.''?1* Figure 2.1 ¢ displays the UV-Vis spectrum collected at the ICP
and CCP locations, confirming the generation of these larger hydrocarbon molecules with
the presence of a plasma. Characterization of gaseous species generated both at the
remote ICP location and those that reach the mass spectrometer reveal that there is an
increase in ionization events (Fig. 2.2: a), and a reduction in neutral species reaching the
MS detector (Fig. 2.2: b) with increasing remote plasma power. However, plasma power
variation alone does not enable selection for carbon precursor size. Additionally, current
measurements at the catalyst location during remote plasma operation confirm that

primarily positive ionic species are reaching the catalyst and that the application of a
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negative bias to a reaction chamber inlet plate effectively blocks these ions from reaching

the catalyst (Fig. 2.2: c).
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Figure 2.2: a) UV-Vis spectrum at varied ICP powers indicate that increasing plasma power results in an
increased occurrence of ionization events for all species. b) Mass spectrum displaying the increase of 3
and 4 carbon species with plasma ignition and the reduction of all detected species as plasma power
increases, indicating that fewer neutral species are reaching the detector as ICP power is increased. )
Stage current readings displaying an increase in stage current as ICP power is increased and zero current
detected when a screening bias is applied at the chamber inlet, displaying effective reduction of charged
species reaching the stage.

These results indicate that, while increasing remote plasma power alone does not enable
significant selectivity for the size of species generated, the average size of carbon
precursors reaching the catalyst can be increased through remote plasma operation
coupled with screening of high energy ions through the application of a negative bias at a

chamber inlet plate.

To identify the effects of in situ precursor manipulation on achievable graphene

quality, all reported synthesis was performed in the custom reactor with 50 nm Ni/Cu
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catalysts, 2 wt% Cu, at 500°C for 1 minute and C>H2:H> precursor flow rates of 0.1
sccm:15 scem. Following transfer of the graphene films, Raman mapping is performed to
characterize quality and uniformity with ratios of the intensity of D, G, and 2D bands as
well as the full width at half maximum (FWHM) of the 2D peak to determine the layer
number and defect density of the films. Fewer layers are present with increasing l2psc,
and defect densities increase with increasing Io/c. While pristine monolayer graphene
displays a nearly undetectable Ip/c and an lop/c > 2, when defects are present monolayer
graphene is identified by an l2pc > 1 and FWHM,p < 100 cm1.115116 To categorize areas
of multilayer and monolayer graphene in these samples, 2D maps of l2p/c are presented
with color scales fixed between 1 and 2, with black areas, l2p/c < 1, representing
multilayer portions of the film, white areas, lp/c > 2, representing low defect density
monolayer portions of the film, and orange areas, 1 < lop/c < 2, representing few-to-
monolayer portions of the film. Figure 2.3 a and b display a 100 um? I2p,c Raman map,
with accompanying average Raman spectrum for the mapped area, of samples
synthesized with and without an applied screening bias at the inlet plate respectively. It is
observed that with the application of a screening bias, both average layer number and
areas of multilayer (areas with lop/c < 1 indicated by black portions of the Raman map)
are reduced compared to the unscreened case by 62%. The reduction of multilayer
portions of the film under the applied bias condition is attributed to the screening of high
energy ions that are more readily dehydrogenated and adsorbed into the catalyst bulk,
leading to rapid saturation and multilayer formation upon cooling. While these ions are

screened by the applied bias, the neutral molecules, including 3 and 4 carbon species (m/z
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36-39, 47-50) generated in the remote plasma, are permitted to reach the main reaction
chamber and participate in graphene formation at the catalyst surface. Though a

significant reduction in multilayer portions is observed, the graphene film remains highly
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Figure 2.3: lon screening bias effects on graphene film layer number. 100 pm?2 Raman l,p,6 map and
accompanying average Raman spectrum over the mapped area for graphene samples synthesized with
20W ICP and a) -40V screening bias applied at the chamber inlet and b) no applied screening bias during
the 1-minute synthesis. Increased multilayer formation (black portions of the mapped area) is observed on
the unscreened case when compared to the biased case while both average Raman spectrums indicate
elevated defect concentrations, with average Ipc>1.

defective. The films (Fig. 2.3: a and b) have an average lpsc of 1.2, with an increased
background between the D and G peaks indicative of remaining sp® hybridization through

C-H bonds.Y’
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Synthesis results under the biased plate condition indicate that to reduce the layer
number and defect densities of the graphene films, both a reduction in nucleation density
and an increase in dehydrogenation rates must be achieved. To characterize the
capability of this ion screening technique toward achieving these goals, multistage
growths were performed in which the screening bias was applied for a portion of the
synthesis. Figures 2.4 a and b display Raman maps and accompanying average Raman
spectrum from samples in which the bias was applied for the first or second half of the 1-
minute synthesis, respectively. The synthesis performed with a screening bias for the first
30s of the growth (Fig. 2.4: a) displays a small increase in multilayer coverage when

compared to the synthesis with bias application for the growth entirety (Fig. 2.3: a).

This result indicates that the initial screening of high energy ions results in
nucleation occurring primarily from neutral and larger carbon containing species and the
removal of the screening bias allows high energy ions to reach the catalyst and continue
both growth at the surface and saturation of the bulk. Conversely, the sample produced
with a screening bias applied for the second 30 s (Fig. 2.4: b) displays a significant
increase in multilayer formation indicating high rates of nucleation, growth, and
absorption into the catalyst bulk during the initial 30 s where no screening bias is applied.
Application of the screening bias during the final 30s of the synthesis removes the

ionized species responsible for dehydrogenation and film completion, resulting in
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increased multilayer formation. Further reduction in multilayer formation and defect

density (Fig. 2.4: c) is achieved through application of the bias for the first 30s of the
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Figure 2.4: Multistage graphene synthesis with ion screening bias application and carbon precursor
presence at differing portions of the growth. 100 um? Raman map and accompanying average Raman
spectrum over the mapped area for graphene samples synthesized with 20W ICP for 1 minute and a) -40V
screening bias for the first 30 s of synthesis, b) -40V screening bias applied for the second 30 s of
synthesis, and ¢) -40V screening bias applied for the first 30 s of synthesis and both the bias and CH;
feedstock removed for the second 30 s of synthesis.

synthesis followed by removal of both the bias and the carbon precursor feed stock to the
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remote plasma location for the second half of the synthesis (Fig. 2.4: d). This results in
reduced nucleation rates during the initial stage of the growth, associated with bias
application, and, with the removal of both the bias and the carbon feedstock, increased
rates of dehydrogenation without continued layer formation during the second half of the
synthesis. This multistage ion screening synthesis technique enables production of
continuous and predominantly few-to-monolayer, 91% lp/c>1, graphene at 500°C

without requiring an increased temperature anneal.

Further control over the reactivity of species reaching the catalyst location can be
achieved through the generation of a low power, 2.5 W, secondary plasma after the ion
screening location. Figure 2.5 a shows a Raman map and average Raman spectrum of
graphene produced during a 1-minute synthesis with both a remote plasma and a
secondary plasma, representing a significant reduction in average defect densities, from
1.4 t0 0.7 lpss, while increasing few-to-monolayer coverage, 95% lop/c>1. MS
characterization (Fig. 2.5: b) of the reaction environment indicates a reduction in 3 and 4
carbon species with the ignition of a secondary plasma while the concentration of 1 and 2
carbon species remains relatively unaffected. Additionally, UV-Vis monitoring of the
secondary CCP (Fig. 2.5: c) reveals that primarily H ionization events occur when the
remote ICP is present while both H and CH ionization events occur with only the
secondary CCP (Fig. 2.1: ¢). These results, coupled with the detection of a current at the
sample location upon ignition of the secondary CCP, indicate that 3 and 4 carbon species
generated in the 20W ICP are not reaching the MS and may be the primary species

ionized at the secondary CCP location prior to interacting with the catalyst.
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Figure 2.5: Graphene synthesis with both ICP and secondary CCP resulting in reduced layer number and
defect density. Raman map, a), indicating primarily monolayer formation (95% l2p/c>1) and
accompanying average Raman spectrum displaying reduced defect densities compared to multistage
synthesis results in Figure 4. b) Mass spectrum depicting the change in hydrocarbon species present with
the ignition of a secondary CCP. Note that the number of 3 and 4 carbon species is reduced with ignition
of the secondary plasma while the number of 1 and 2 carbon species remains nearly constant. ¢) UV-Vis
spectrum of CCP collected while ICP plasma generation is also occurring, indicating primarily H
ionization. Note the reduction in CH and C; ionization events compared to the CCP spectrum, Fig. 2.1: c,
collected when no upstream ICP is present.

Comparing the Raman map under this two-plasma, ICP and CCP, condition (Fig. 2.5: a)
to the map of the sample synthesized under a multistage bias condition (Fig. 2.4: c), an
increased number but decreased size of multilayer islands is observed in the two-plasma
case. We hypothesize that is phenomena results from an increased nucleation rate
associated with larger carbon precursors which are generated at the ICP location and
ionized at the CCP location before reaching the catalyst. These larger ionized species are

more likely to nucleate at the catalyst surface, resulting in the increased number of
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multilayer islands observed, but are less likely to be absorbed into the catalyst bulk,
resulting in the overall increase in few-to-monolayer content of the film. While bias
application alone screens high energy ions and a multistage bias synthesis condition
reduces multilayer formation, this secondary ionization technique increases few-to-
monolayer coverage to 95% through both increasing the reactivity of carbon precursors

and reducing the rate of catalyst saturation.

This phenomenon of controlling the concentration and ionization states of
precursor molecules permitted to interact with the growth substrate has resulted in the
significant increase in few-to-monolayer coverage in the secondary bias case. While the
dependence on carbon species size and ionization state has been demonstrated, the
specific roles of each ionized species within the larger groups, i.e., 3 carbon and 4 carbon
species, will require in situ characterization of reactions occurring at the catalysts surface.
Future work in this area should lead to improvements in targeting specific precursor
species to intended substrates and continue to advance efforts toward graphene inclusion
in a variety of fields.

2.1.3 Summary

In summary, we have demonstrated graphene synthesis techniques utilizing the in
situ manipulation of carbon precursors generated during plasma enhanced chemical vapor
deposition to achieve continuous graphene films at reduced temperatures on reduced
catalyst thicknesses. This technique, which is not represented in literature, has been found
to enable manipulation of nucleation density, layer number, and defect densities though

control of carbon precursor sizes and ionization states. Screening bias application
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between a remote ionization location and the sample location enables targeting of larger
neutral molecules while a secondary ionization event can increase the reactivity of these
molecules. We have utilized this technique to demonstrate 95% few-to-monolayer
graphene synthesis on 50 nm Ni/Cu thin film catalysts with average Ip/c 0f 0.7 at 500°C,
without the need for any high temperature catalyst pretreatments. This technique
represents not only an avenue for continued reduction of synthesis temperature and
transition metal catalysts thickness requirements but reveals a novel method for active

species control in broader PECVD synthesis techniques.

2.1.4 Experimental Methods
Catalyst Deposition and Graphene Synthesis

50 nm Ni/Cu catalysts were deposited on Si/SiO2 wafers through magnetron
sputtering (Kurt J. Lesker AXXIS) of 48 nm Ni followed by 2 nm Cu without breaking
vacuum. Graphene synthesis was performed in the custom PECVD chamber initiated by
chamber evacuation to base pressure of 1x107 torr followed by heating to 500°C under
15 sccm of Hy, resulting in a chamber pressure of 50 mtorr. To promote cleaning and
alloying of the catalyst, the sample was held at 500°C for 2 minutes under H2 flow prior
to introduction of the hydrocarbon precursor. Graphene growth was initiated by
introduction of C2H> at 0.1 sccm and ignition of a 20W ICP plasma for 1 minute.
Screening bias and secondary CCP were applied according to the desired synthesis
regime through a -40V bias application (Glassman PSFX) to the first inlet plate or CCP
generation at 2.5W (Bertan 205A) with a negative bias applied to the second plate.

Following completion of the synthesis regime, ICP, CCP, and screening bias power was
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set to zero, as well as the CoH. flow rate. Finally, the sample was allowed to cool under
15 sccm Ha until 150°C over approximately 15 minutes before removal from the

chamber.
Reaction Chamber Characterization

UV-Vis characterization was performed through spectrum collection (Ocean
Optics USB200+) of ICP and CCP signals through isolated viewports, above the ICP and
on the main chamber for CCP. Stage current characterization was performed through
Pico ammeter (Keithley 485) monitoring of the sample stage. Mass spectrometry (Pfeiffer
PrismaPro QMG 250 M2) was collected in a secondary chamber, with differential
pumping to maintain 1x10 torr, which is connected to the main chamber through a leak

valve.
Graphene Transfer and Characterization

Graphene was transferred from the catalyst through spin coating (Laurel WS-650)
300 nm polymethyl methacrylate (PMMA) support and baking in air at 150°C for 5
minutes. The sample was submerged in 0.5 M FeClz to etch both Ni and Cu until the
graphene/PMMA floated to the surface. Following 5 rinses for 1 min each in DI water,
the graphene with PMMA support was transferred to fresh Si/SiO, and PMMA was
removed in acetone. Raman Characterization was performed on a Horiba Jobin Yvon
HR800 with 532 nm laser excitation and mapping acquisition capabilities through a

motorized sample stage. Raman map characterization and spectrum averaging were
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performed through in-house software, written in R, to peak fit D, G, and 2D bands for

each spectrum collected.

2.2: Catalyst Design and Characterization
Results in this chapter have been published in the following references:

Zietz, O.; Olson, S.; Coyne, B.; & Jiao, J. Increased Sample Yield and Achievable
Imaging Resolutions Through Thin Film Transfer Technique. Microscopy and
Microanalysis 2018, 24(S1), 1630-1631.118

Zhan, H.; Jiang, B.; Zietz, O.; Olson, S.; Jiao, J. Simulation to fabrication—
understanding the effect of NiAuCu alloy catalysts for controlled growth of graphene at
reduced temperature. Materials Research Express 2019, 7, 015603.11°

In addition to carbon precursor manipulation, alloy and bimetallic catalysts have
shown great promise for modulation of graphene synthesis pathways and achievable
graphene film sizes, layer numbers, and quality. For graphene synthesis temperature
reduction, Ni is commonly employed due to its increased ability for carbon
dehydrogenation and inhomogeneous and multilayer graphene films can be formed at
temperatures low as 450°C. While NiAu catalysts have been shown in literature to reduce
layer formation and NiCu catalysts were demonstrated to enable primarily few-to-
monolayer graphene synthesis in the preceding section, optimization of catalyst
composition remains an avenue for further advancement in graphene synthesis
techniques.*?® To identify catalyst candidates for graphene layer number reduction and
increased uniformity, bulk Ni catalysts with small weight percentages of both Au and Cu,
that is trimetallic NiAuCu catalysts, are characterized and compared to bimetallic
catalysts of NiAu and NiCu. Graphene synthesis via PECVD is performed on various
compositions of these catalysts and electron backscatter diffraction (EBSD)
characterization of the catalyst morphology in conjunction with simulation of the
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required energy for acetylene decomposition on these multimetal catalysts reveals
avenues for graphene quality and layer number control. These results enable
characterization of both energetic and morphological effects of the catalyst compositions
and a comparison between the resulting graphene films. Finally, thin film transfer
techniques are developed to characterize post-growth metal catalysts with increased
resolution and achievable sample sizes toward improving catalyst morphology
understanding.
2.2.1 Introduction

PECVD synthesis of graphene was performed on primarily Ni bimetallic catalysts
with varied concentrations of Au and Cu and compared to synthesis on trimetallic
NiAuCu and pure Ni catalysts at 500°C. While graphene films produced on pure Ni
catalysts are multilayer, the addition of 1 wt% Au or 2 wt% Cu results in a significant
reduction in multilayer portions of the graphene film.*21122 EBSD inspection of the
catalyst films following growth reveals a reduction in grainsize with increasing Au
content while grainsize remains comparable to pure Ni catalysts with small Cu additions.
Synthesis performed on trimetallic catalysts with 98 wt% Ni 1 wt% Au and 1 wt% Cu
results in primarily monolayer graphene formation and EBSD characterization reveals
grainsizes comparable to pure Ni catalysts. To understand the varied graphene
morphologies observed on each catalyst, first principle simulations were performed to
identify differences in reaction energy for each step of acetylene decomposition on each
catalyst.!® It is determined that, while both Cu and Au increase the energy required for

acetylene decomposition when compared to Ni, they exhibit varied modulations of each
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decomposition step. Simulation of decomposition on the trimetallic catalyst reveals a
combination of effects observed with small Au and Cu additions and reveals a potential
avenue for further control of graphene synthesis at reduced temperatures. While EBSD
and simulation results reveal morphological and energetic data regarding the multimetal
catalysts, identification of the location of added Au and Cu will be necessary to clarify
the mechanism underlying graphene synthesis results. Toward achieving this level of
resolution, a catalyst transfer technique is developed that enables millimeter scale
characterization in a transmission electron microscope (TEM).
2.2.2 Results and Discussion

All graphene synthesis reported in this section is conducted at 500°C for 30
seconds with a 10 W ICP and 0.1 sccm of C2H> as the carbon precursor to enable
characterization of catalyst compositional effects on achievable graphene quality under
identical growth conditions. 50 nm metal catalysts were deposited onto SiO» wafer
supports with primarily Ni composition and Au contents of 1 wt%, 10 wt%, and 15 wt%,
Cu contents of 1 wt %, 2 wt%, and 5 wt%, and a trimetallic composition of Ni (98 wt%)
Au (1 wt%) and Cu (1wt%). Graphene Synthesis was performed on each of these
catalysts and compared to graphene grown on a 100 wt% Ni catalyst. Optimal graphene
quality for each of the bimetallic catalysts, as determined by Raman characterization of
average layer number and defect densities, was observed on 1 wt% Au, 2 wt% Cu. 100
um? Raman lap/c maps of graphene grown on these compositions as well as the

trimetallic and pure Ni catalysts is displayed in Figure 2.6.
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Comparison of graphene morphology from each catalyst reveals reduced
multilayer formation with the addition of Au (Fig. 2.6: b) or Cu (Fig. 2.6: c) compared to

the bulk Ni film (Fig. 2.6: a) with varied presentation of multilayer islands on each

b) 99@1
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Figure 2.6: 100 pm? Raman l.p,c maps displaying lapss ratios of graphene films grown on metal thin film
catalysts of a) pure Ni, b) 99 wt% Ni 1 wt% Au, ¢) 99 wt% Ni 2 wt% Cu, and d) 99 wt% Ni 1 wt% Au 1

wt% Cu. Few-to-monolayer portions of the film are indicated by lop/c>1 while multilayer portions of the

films are black. A reduction in multilayer portions of the film are observed with the addition of Au or Cu
as compared to the pure Ni catalyst and no multilaver portions are observed in the trimetallic catalvst.

catalyst. The NiAu catalyst exhibits more multilayer islands (black spots) with few-to-
monolayer graphene in-between while the NiCu catalyst shows primarily few layer
graphene with fewer multilayer islands. Graphene grown on catalysts with increased

concentrations of Au (10 wt% and 15 wt%) were both disconnected and increasingly

multilayer while graphene from catalysts with both increased and decreased Cu content
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(1 wt% and 5 wt%) showed increased multilayer, similar to the morphology of graphene
on pure Ni. These results indicate that Au and Cu inclusion, while both capable of
limiting graphene layer number when compare to pure Ni catalysts, display differing
dependencies on composition percentage and result in different graphene morphologies
under the same growth conditions. The increased number of multilayer islands observed
on the NiAu catalyst, compared to the NiCu catalysts, may be a result of increased high
reactivity portions of the catalyst, where nucleation and adsorption into the bulk occurs.
In contrast, the increased average graphene layer number observed on the NiCu catalyst
and reduced number of multilayer islands, as compared to the NiAu catalyst, may
represent a more reactive surface overall that is also more uniform. Inspection of the
trimetallic catalyst (Fig. 2.6: d) displays no presence of multilayer islands and
demonstrates that a combination of low reactivity metals is capable of improving

achievable graphene quality over the bimetallic counterparts.

While Raman characterization reveals varied graphene quality and uniformity on
each catalyst composition, an understanding of the catalyst morphology is necessary to
clarify the dominant effects in each case. To achieve this goal, EBSD inspection was
performed following graphene synthesis. Band contrast and inverse pole figure Z (IPFz)
images are displayed in Figure 2.7. Band contrast images are used as a representative
measure of image quality, with increased image clarity signifying increased Kikuchi
pattern intensity, while IPFz images represent the crystal lattice orientation of the catalyst

grains in the z-direction, the catalyst surface in this case.
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Examination of the collected EBSD data reveals that the pure nickel catalyst (Fig.
2.7: a) exhibits primarily (111) and (001) crystal orientations while the NiAu catalyst

(Fig. 2.7: b) displays an increased presence of (111) orientation with an accompanied

a) 100 % N1 ¢) 98% Ni 2% Cu

01

Figure 2.7: Band contrast and IPFz images from a) pure Ni, b) 99 wt% Ni 1 wt% Au, ¢) 99 wt% Ni 2
wt% Cu, and d) 99 wt% Ni 1 wt% Au 1 wt% Cu. Each IPFz map includes a IPFz heat map (to the right of
each image) displaying concentrations of orientations detected, with red indicating increased
concentrations of that orientation and the gradient from yellow to green to blue indicating reduced
concentrations.

reduction in both identified portions of the map (black areas) and presence of large
grains, when compared to the pure Ni Sample. Both the NiCu and NiAuCu catalysts
(Fig. 2.7: c and d) display a reduced presence of (111) orientation and an increase in both
grain size and presence of mixed phase grain orientations, between (001) and (111) in the

z-direction, when compared to the pure Ni catalyst.

The reduced grainsize observed in the NiAu catalyst, which continues to decrease
as additional Au is added, represents one potential cause of the increased number of
multilayer islands observed in graphene grown on this catalyst when compared to the

NiCu catalyst (Fig. 2.6: b and ¢). As grain boundaries represent high energy locations
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enabling both increased rates of hydrocarbon dehydrogenation and carbon absorption into
the catalyst bulk, the increased grain boundary concentration may explain the observed
increase in multilayer islands. This reduction in grainsize may originate from the lack of
a shared phase between Ni and Au at the temperatures and compositions considered in
this study and, under these conditions, Au has been proposed in literature to aggregate at
Ni step edges. 3°12° Additionally, the increased of presence of (111) crystal orientation
may explain the observation of reduced layer numbers of graphene detected between
multilayer islands on the NiAu catalyst (Fig. 2.6: b) as the (111) orientation has been
described as less energetic for graphene synthesis than the (001).22 In contrast, the
shared phase between Ni and Cu at these temperatures and composition may enable alloy
formation and result in an insignificant change to grainsize when compared to the pure Ni
catalyst indicating an overall reduction in catalyst surface energy may be responsible for
the graphene improvements observed on NiCu catalysts (Fig. 2.6: ¢) when compare to

pure Ni catalysts (Fig. 2.6: a).12*

A comparison of the EBSD data from the trimetallic catalyst (Fig. 2.7: d) to the
NiCu catalyst (Fig. 2.7: c) reveals no apparent effect on the catalyst morphology
originating from the Au inclusion. This lack of clear catalyst morphological differences
between the NiCu and NiAuCu samples indicates that the significant improvements in
graphene uniformity achievable on the trimetallic catalyst (Fig. 2.6: d) is not purely a
result of grainsize or orientation variation. It is noted that the low temperature and short
duration growth parameters results in small grainsizes which approach the limit of EBSD

characterization, ~ 20 nm, and are below the spatial resolution limit of energy dispersive
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x-ray spectroscopy (EDX) in a SEM, on the order of 100 nm under ideal operating
conditions. These challenges coupled with the inability to distinguish between Ni and Cu
crystal phases in the collected EBSD spectrum limits identification of the precise location

of Au and Cu in the multimetal catalysts with these techniques.?®

While EBSD inspection provides an indication of morphological variations
between catalyst compositions, further understanding of the improvements observed on
the trimetallic catalyst requires characterization of the composition dependent energy
differences for graphene synthesis on each sample. To achieve this goal, first principle
simulations of acetylene decomposition were modeled on a 64 Ni atom cell in the (100)
orientation and compared to decomposition with varied concentrations of Au and Cu
atoms substituted into the Ni lattice. The simulation consists of catalyst cells with 1, 2, 3,
and 4 Cu or Au atoms substituted in the Ni lattice at the surface location where C2H> is
decomposed and the results are compared to a pure Ni surface and a surface with 1 Au
and 1 Cu atom as well as a surface with 2 Au and 2 Cu atoms. The decomposition is
modeled as 2 dehydrogenation steps, resulting in the transformation of C>H, to C;H+H
and finally to C,+2H, followed by decomposition of the carbon dimer, resulting in
2C+2H on the catalyst surface. The differences in reaction energy for each of these steps
on the varied catalyst surfaces (Fig. 2.8) reveals that Au and Cu inclusions uniquely alter

the ability of Ni to decompose an acetylene precursor.
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Examination of the simulation results indicates that Cu atom inclusions in the Ni
catalyst (Fig. 2.8: a) decreases the energy required for dehydrogenation steps and
increases the energy required for decomposition of the carbon dimer, compared to the

pure Ni surface. Conversely, the addition of Au atoms (Fig. 2.8: b) increases the energy
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Figure 2.8: First principle simulation results for acetylene decomposition on primarily Ni catalyst
surfaces with varied numbers of a) Cu atom substitutions b) Au atom substitutions and ¢) Au and Cu
atom substitutions. d) Overlaid results from the 3 simulations. The data for each step is normalized to the
energy calculated on a pure Ni catalyst and positive energies represent increased energy requirements for
that decomposition step compared to on a pure Ni surface.

required for dehydrogenation and reduces the energy required for decomposition of the
carbon dimer. The trimetallic catalyst surface (Fig. 2.8: ¢) with 2 Au and 2 Cu atoms
substituted into the Ni lattice reveals an increase in energy requirements for both
dehydrogenation and decomposition of the carbon dimer when compared to the pure Ni

case. As multilayer formation is the primary obstacle to uniform graphene synthesis on
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Ni catalysts, reducing the rate of dehydrogenation and carbon decomposition is a
promising strategy towards limiting catalyst saturation, due to reduced likelihood of
carbon dimer absorption into the bulk, and reducing the growth rate, enabling enhanced
control over the number of graphene layers produced. The reduction in catalyst reactivity
for each decomposition step observed in the trimetallic catalyst provides a mechanism for
the observed increase in uniformity and decrease in average layer number of graphene

grown on this catalyst (Fig. 2.6: d). 1%

With EBSD revealing morphological differences and simulation indicating
energetic modulation with varied catalyst composition, the utility of catalyst content
design as a pathway for uniform graphene synthesis at reduced temperatures has been
shown. However, while first principle simulations reveal trends with changing metal
content for the decomposition of acetylene, the reaction environment during PECVD
synthesis has been shown to contain numerous hydrocarbon species with varied
ionization states.'*%27 Additionally, EBSD has shown the growth catalyst to be more
disordered than the single crystal orientation with individual atom substitutions used in
these simulations. To further optimize catalysts toward continued graphene synthesis
temperature reduction, identification of Au and Cu locations in the bulk Ni catalyst will

be necessary.

To increase the achievable resolution for catalyst inspection, an electrochemical
transfer method for metal thin films was developed enabling millimeter sized portions of

the film to be examined via transmission electron microscopy (TEM).
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Metal film Pt Electrode

A=

SiO, support

Figure 2.9: a) Image of electrochemical transfer mechanism displaying the metal thin film delaminating
from the SiO, support wafer in NaOH electrolyte. b) SEM image of metal thin film on TEM support grid
with ¢) optical image inset.

We observed that thin films with weak adhesion to SiO> would delaminate during the
electrochemical graphene transfer process. This initially disruptive phenomenon was
optimized to enable large scale transfer of metal thin film catalyst from SiO2. The SiO>
supported metal thin film is placed in a minimally reactive electrolyte, NaOH, where it
acts as an anode to a platinum cathode (Fig. 2.9: a). Following initial delamination of the
edge of the film, it is lowered into the electrolyte at an angle such that O, bubble
generation occurs primarily at the SiO2/metal interface. The floating film is then washed
and transferred to a TEM grid (Fig. 2.9: ¢) and imaged in an SEM Transmission Kikuchi

Diffraction (TKD) holder (Fig. 2.9: b).

A TKD IPFz map of the transferred thin film (Fig. 2.10: a) was compared to an
EBSD IPFz map (Fig. 2.10: d) of the catalyst on SiO> support to demonstrate the order of
magnitude improvement in spatial resolution achievable with the TKD process.'?® Maps
were taken with 10 nm step sizes on catalyst thin films from a single graphene synthesis

and no data processing was performed.
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Figure 2.10: a) Unprocessed TKD IPF Z map with b) inset sample Kikuchi pattern and c) FSD image of
transferred metal thin film d) FSD image and €) Unprocessed IPF Z EBSD map with f) inset sample
Kikuchi pattern of metal thin film on SiO; support before transfer.

Maps and Forward Scatter Detector (FSD) images were taken with the transferred film at
-20° tilt with respect to the incident beam (Fig. 2.10: ¢) and the as-synthesized film at 70°
tilt (Fig. 2.10: d). The increase in achievable spatial resolution is most prominently
displayed in the presence of twinning and clear grain boundaries in the TKD map while
similar features in the EBSD map are often unresolved. This improvement is associated
with increased Kikuchi pattern strength (Fig. 2.10: b, f) resulting from a reduced
interaction volume in the transferred film compared to the SiO2 supported film and the

reduced sensitivity to surface morphology during TKD acquisition.

TEM inspection of the transferred thin film revealed a suspended non-metal thin
film near edges of a hole in the catalyst (Fig. 2.11: a). Much of the suspended film was
damaged and curled (Fig. 2.11: b), however, examining near the interface and focusing
on the plane of the metal enabled simultaneous observation of lattice fringes for both the

catalyst and the non-metal film (Fig. 2.11: c).
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Fiur 2.11: )Briht field TEM image of transferred metal thin film. b) Magnified section of the blue
box in a) with both metal and graphene visible. c) Magnified image of the blue box in b) with both d) Ni

lattice fringes and e) graphene lattice fringes visible.

Measurements and FFT of these regions of interest reveal characteristic lattice spacing of
Ni, (Fig. 2.11: d), and graphene (Fig. 2.11: e) indicating that the electrochemical transfer
method is primarily active at the SiO./metal interface, leaving the graphene on the top
surface largely intact. This transfer method represents an avenue for further multimetal
catalyst characterization toward identifying the location of small Au and Cu components
of primarily Ni catalysts that will be necessary to describe the underlying mechanisms for
graphene improvements observed on trimetallic catalysts.**8
2.2.3 Summary

We have demonstrated the first reported PECVD synthesis of graphene on
NiAuCu thin film catalysts which show improvements in both graphene layer number
and uniformity control at 500°C. Graphene synthesized on these trimetallic catalysts
displays primarily few-to-monolayer coverage with no observable multilayer islands that
occur on bimetallic NiAu or NiCu catalysts under identical growth conditions. EBSD

characterization of the catalyst films reveals morphology differences between NiAu and
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NiCu samples indicating that grainsize and orientation play a role in achievable graphene
quality. First principle simulations of acetylene decomposition on these varied catalyst
compositions shows Au inclusion reduces dehydrogenation rates while Cu inclusion
reduces decomposition rates of the carbon dimer and that the amount of each added metal
can be adjusted to modulate graphene growth rates. To enable the identification of the
precise locations of Au and Cu catalyst constituents in the thin film, a transfer technique
for large sample area TEM inspection and increased EBSD resolution is demonstrated.
These findings represent additional avenues for continued graphene synthesis
optimization and reduction of synthesis temperature and catalyst thickness requirements

toward direct graphene inclusion in CMOS applications.

2.2.4 Experimental Methods

Graphene Synthesis and Catalyst Deposition

Graphene was synthesized in the custom PECVD system described in section
2.2.1. Catalysts were deposited via magnetron sputtering for Ni and Cu and electron
beam evaporation for NiAu in a Kurt J. Lesker AXXISS PVD system. 50 nm catalysts
were deposited on Si/SiO, wafers at 1 wt%, 10 wt% and 15 wt% Au, 1 wt%, 2wt%, and 3
wt% Cu, or 1 wt% Au together with 1 wt% Cu, with the remainder of the catalyst as Ni.
Graphene synthesis was performed within the PECVD at a reaction temperature of 500°C
for 30s with a 10W inductively coupled plasma and 0.1 sccm flow rate of CoH. at a

chamber pressure of 4x10° torr.

Sample Characterization and Modeling
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After the synthesis, the catalyst was etched away and graphene was transferred to
fresh SiO; substrates for Raman inspection in a Horiba Jobin Yvon Hr 800 spectrometer
with a 532nm excitation laser. EBSD inspection was performed in a Zeiss Sigma SEM
with Oxford EBSD and EDX detectors, while TEM inspection was performed in a FEI
Tecnai F-20 system. First principle simulation was carried with ABINIT software and

EBSD map characterization was performed in Oxford’s AZtec software package.

2.3. From CMOS to beyond-CMOS applications

This chapter has demonstrated the development of techniques necessary for
graphene synthesis temperature and catalyst thickness reduction through plasma
manipulation and catalyst engineering. These reductions are needed to realize CMOS
incorporation of graphene where target applications require nonplanar coverage and the
magnitude of improvement scales with a reduction of the total films thickness. Carbon
precursor control during synthesis coupled with trimetallic catalyst design and fabrication
represent fruitful paths for continued research toward graphene inclusion in CMOS
applications. In the following section, graphene as a component of beyond CMOS
computing applications will be detailed, where system design and operational phenomena
represent roadblocks to incorporation rather than stringent processing and incorporation
requirements. To demonstrate scalability of graphene inclusion, the following section
will utilize commercially available graphene and device fabrication amenable to

semiconductor industry inclusion to examine spin transport phenomena.
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3: Graphene Spin Transport Characterization

Graphene represents an attractive spin transport channel candidate for spintronic
devices due to the theoretically predicted long spin transport distances and spin lifetimes.
However, experimentally realized values for these parameters are orders of magnitude
smaller those theoretically predicted and numerous mechanisms have been proposed to
explain this discrepancy, including magnetic contact induced spin relaxation, tunnel
barrier inhomogeneity, and a lack of clarity associated with the dominant spin relaxation
mechanism in graphene channels.*?® Additionally, the majority of characterization has
occurred with a NLSV device which enables generation of pure spin currents for
determination of spin transport and spin lifetimes but does not enable robust
characterization of proposed spin relaxation phenomena associated with device
components. While TB, h-BN encapsulation, and external field modifications to the
standard NLSV have enabled detection of increased spin signals, proposed spintronic
devices will necessitate device components not represented in the standard NLSV,
including additional FM contacts for logic operations and angled channels for
interconnected device configurations. Finally, few studies have reported on wafer scale
graphene based spin valve fabrication through processes amenable to inclusion in the
current semiconductor industry. In this report, we design a new type of graphene spin
valve, the hybrid drift diffusion spin valve (HDDSV), fabricate large arrays of these
devices through industry standard fabrication techniques, and identify unique phenomena

arising from the novel device design.
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3.1 Introduction

In this study we present a new device configuration for graphene spin transport
characterization to identify device component effects not represented in the standard
NLSV. The HDDSV device includes two locations for nonlocal spin detection, one in the
standard NLSV location and one located along a graphene channel originating at an angle
from the injection leg of a standard NLSV. As this device architecture represents a new
configuration, arrays consisting of 120 devices, 82 HDDSV, 30 NLSV, and 8 graphene
characterization devices, are designed to enable characterization of FM contact spacing,
channel width, channel angle, and channel length effects on spin transport capabilities.
Fabrication techniques for 4-inch wafer scale production of 36 arrays, representing a total
of 4320 devices, are developed to enable demonstration of industry applicable fabrication
techniques for graphene based spin devices. Oxidation procedures for TiO, TB
fabrication are developed and characterized to determine spin signal and device noise
magnitudes with varied FM injector and magnetic contact resistances. Spin signals
(ARNL) of up to 2.6 Q are detected at the lowest performed oxidation condition, 1 torr,
and background noise is observed to decrease as metal contact resistance is minimized
through altered deposition techniques. NLSV legs of the devices are compared before and
after an oxidation procedure to determine environmental effects with an average spin
signal increase of 193% observed, up to 7.6 Q, accompanied with changing FM contact
magnetic switch profiles. Characterization of HDDSV devices reveal increased stability
of antiparallel states on the NLSV leg with the inclusion of a second FM detection
magnet, representing a potential path toward increased device state targeting, in either the

parallel or antiparallel orientation. Finally, characterization of HDDSV signals in the
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added channel yield spin signals reaching 865 Q, with signal detection in both nonlocal
and local configurations, representing a path toward reduced device complexity and
increased spin signal generation. Characterization of 5 arrays of HDDSV and NLSV
devices has revealed spin transport phenomena not readily detected in standard device
configurations and identified areas in both fabrication and devices design for further
improvement and investigation to enable graphene inclusion in spintronic applications.
3.2 Hybrid NLSV Device design

This research reports the design and fabrication of a novel hybrid drift diffusion
spin valve (HDDSV) (Fig. 3.1) device to reveal graphene spin transport phenomena that
are not detectable by commonly used non-local spin valves (NLSV). The device is

designed to characterize FM contact effects while utilizing charge carrier drift and

V. - HDDSV measurement
V. - Standard NLSV measurement
O - Asymmetric Intersection

inj

Figure 3.1: The schematic of proposed graphene HDDSV consists of three metal contacts (MC1-3), three
ferromagnetic contacts (FM1-3), and a split graphene transport channel. Spin polarized injection occurs
between FM1 and MCL1. The standard NLSV nonlocal voltage measurements can be taken between FM2
and MC2, while a hybrid spin drift and diffusion measurement can be measured between FM3 and MC3.

momentum to enhance spin diffusion lengths and achievable spin signal. The proposed
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capabilities arise through detecting nonlocal signals originating from a spin accumulation
of spin polarized charge carriers, which occurs away from the influence of the
ferromagnetic (FM) injection contact. The structural configuration of proposed HDDSV
is modeled after the standard NLSV, with an additional graphene channel (as depicted in
Fig. 3.1). This device enables direct comparison between graphene spin transport

parameters collected in a standard NLSV and in an adjacent graphene channel.

The aim of this modified design is to enable determination of the fundamental
effects of FM/TB contacts and charge carrier drift in relation to achievable spin signals in
graphene. It can be operated as a standard NLSV or in a hybrid drift-diffusion mode. This
enables comparisons between diffusion from spin accumulation at the FM injector in
standard NLSV mode or at the asymmetric intersection (as marked by the green circle A
in Fig. 3.1) in a hybrid drift and diffusion mode, providing information relevant to
FM/TB/Graphene interface effects on spin transport. It provides flexibility for
manipulating device dimensions to identify effects on graphene spin transport
parameters. In particular, variation in graphene channel lengths (L1/L2/L3), channel
widths (W), the angle (o)) between the spin polarized current channel (between FM1 and
MC1), and the additional nonlocal spin diffusion channel (L2) will enable
characterization of configuration-dependent spin signals, injector current dependencies,
and field enhanced spin diffusion. As local magnetic fields present near the injector and
detector FM contacts have been proposed to contribute to premature spin relaxation,**°
separation of the asymmetric intersection from the injection FM is performed to

characterize this effect while variation of the intersection angle (o) is aimed at
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determining transfer of momentum from the injected electrons to those diffusing down
the additional channel. Additionally, the inclusion of a second detection FM contact (FM
3) may reveal additional magnetic influences on both spin transport and the behavior of
FM switching fields to identify phenomena present in device configurations displaying

increased complexity required for the realization of spintronic applications.

Utilizing device fabrication and processing techniques with industry applicable
and scalable procedures and materials, HDDSV devices are designed with multilayer
Ti/Au as metal electrodes, Co as FM electrodes, TiO> as tunnel barriers (TBs), and SiO-
as the substrate. The graphene used for spin transport channels is sourced commercially
(Graphene Square) on 4 inch SiO wafers to demonstrate scalable fabrication techniques
on mass produced and widely available graphene. Device patterning is performed through
electron beam lithography (EBL) while metal (Ti/Au), FM (Co), and TB (TiO>) device
components are deposited by electron beam evaporation (EBE) with in situ oxidation of
Ti performed on TBs to form an oxide. Though reported results on devices with h-BN
encapsulation, MBE deposited TBs, and exfoliated graphene display increased spin
transport capabilities, the fabrication and materials selected in the design of these devices

is aimed at developing scalable and high throughput techniques.3!

While the design of HDDSV devices is targeted to enable characterization of
electron diffusion and drift interactions as well as FM contact influences, the device

architecture contains components that have not been characterized previously and
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necessitates numerous control devices and varied devices dimensions. To achieve a range
of device configurations, EBL patterned devices consist of channel lengths of 1.5 pm and
3 um (Fig. 3.2: c and Fig. 3.2: d L1+L2+L3), channel widths of 400 nm and 800 nm (Fig.

3.2: ¢: W), and an asymmetric channel angles of 45° (Fig. 3.2: c: o) and 90° (Fig. 3.2: d:

V.- HDDSV measurement
V. - Standard NLSV
— Vi measurement
‘ 7C) J O - Asymmetric Intersection

O

Figure 3.2: a) Standard NLSV geometry b) Control device for angled channel effect on NLSV
parameters. c) Representative device configuration for FM contacts effects with spin accumulation at
green circle in HDDSV operation mode. d) Representative device configuration for field and
momentum effects in which the angle between diffusion and drift channels are varied.

inj
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a). Additionally, control devices (Fig. 3.2: a and b) will be included in the array. In
Figure 3.2 b, a channel bend angle (o)) between C2 and C3 is created, in contrast to the
straight channel of a standard NLSV (Fig. 3.2: a). Characterizing both the standard NLSV
and angled NLSV control devices will reveal spin transport phenomena resulting from an
angled channel, in which diffusing electrons are traveling with a component parallel to
both the applied magnetic field and the alignment of the injection and detection FM
contacts, compared to a straight channel, in which a perpendicular orientation is
maintained. For all other HDDSV devices, a second bend is included before MC3/FM3 to
enable alignment of all FM contacts perpendicular to the in-plane magnetic field used to
manipulate FM polarization during spin parameter measurements. Spin parameters
collected from these devices is targeted towards characterization of device configuration,

channel width, and FM contact effects.

HDDSV device arrays (Fig. 3.3) were designed that contain 120 individual
devices with varying graphene channel widths, lengths between injection and detection
magnetic contacts, asymmetric drift/diffusion channel angles, and control devices to
characterize targeted graphene quality and device component effects on achievable
graphene spin transport lengths. The design enables multi-device characterization over
large graphene areas in an effort to isolate graphene quality effects from device

configurational effects with sufficient numbers of devices to identify new phenomena and
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enable statistical treatment of results.
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Figure 3.3: a) GDSII file for a 120 device array containing 82 HDDSV devices, b) 30 control
devices and 8 test devices. The 30 control devices include straight, d) 45-degree, and e) 90-degree
asymmetric diffusion transport channels with varying nonlocal transport distances, injection and
detection magnetic contact dimensions, and graphene transport channel widths. f) The 82 HDDSV
devices include both g) 45-degree and h) 90-degree asymmetric diffusion transport channels with
varying nonlocal transport distances, injection and detection magnetic contact dimensions, and
araphene transport channel widths.

3.3: Wafer Scale Device Fabrication

Fabrication of 36 device arrays detailed in the previous section was performed on
graphene purchased from Graphene Square on a 4 inch SiO; wafer (Fig. 3.4: a) through
EBE and EBL processes to demonstrate the viability of scalable and high throughput
processes for the production of graphene based spin devices. The fabrication process
involves 4 EBL patterning steps (alignment marks, graphene channel and contact
locations, metal contacts, and ferromagnetic contacts), graphene removal via oxygen
plasma etching to define the graphene transport channel and isolate contacts, and 3 metal

depositions (alignment marks, metal contacts and tunnel barriers/ferromagnetic contacts).
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Metal contacts were deposited via EBE of 5 nm Ti, to improve adhesion to the graphene
channel, followed by EBE of 50 nm of Au, a malleable and inert contact material to
enable repeated device characterization. Following deposition of the metal contacts (Fig.
3.4: b,c) 3 arrays were characterized for connection between metal contacts and 232

devices of the 360 inspected were observed to have connected graphene channels

Figure 3.4: a) 4 inch wafer with 36 HDDSV arrays each containing 120 graphene devices. b)
Optical image of individual HDDSV array with ¢) individual device with metal contacts present
and d) the same device following a forming gas anneal procedure and EBL patterning of the FM

contacts.

representing 64.4% active devices. When only devices with 800 nm channel widths are

considered, 171 devices of the 198 characterized were determined to have intact graphene
channels representing a yield of 86.3%, representing yield scaling with channel width and
pointing to channel definition through etching as a significant failure point. These results
demonstrate the feasibility of wafer scale graphene device fabrication through techniques

commonplace in the semiconductor industry with commercially available graphene.
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Following initial characterization of graphene arrays, a graphene surface cleaning
process was performed to remove residual contamination from the previous lithography

processing steps before patterning of the FM contacts (Fig. 3.4: d). Achievable spin
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Figure 3.5: a,b) Atomic force microscopy images displaying graphene surface contamination
from residual lithography mask polymers. c,d) Graphene surface following forming gas anneal
indicating a significant reduction in contaminates present at the graphene surface.

signals are highly influenced by the interface between the TB and graphene channel.*3%133
This TB/graphene interface determines the efficiency of spin injection into the channel
and the integrity of TB influences the degree of spin reabsorption into the FM
contact.*#13% During EBL processing, polymer resist masks are utilized to define both the
graphene channel and metal contact locations, resulting in a residual polymer coating
following removal of the resist. Atomic force microscopy (AFM) inspection of graphene
surface following removal of the metal contact resist reveals graphene RMS surface

roughness of 1.72 nm (Fig. 3.5: a,b). As the TiO> tunnel barrier used in this study is ~ 1
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nm in thickness, this level of surface roughness not only represents a significant
concentration of material in between the graphene channel and the TB but a rough
surface profile leading to increased likelihood of crack and pinhole formation in the TiO..
This residue is removed though annealing of the devices at 300°C in a forming gas (95%
N2/ 5% Hz) atmosphere for 2 hours which reduces RMS surface roughness to 200 pm,

without degrading the graphene quality (Fig. 3.5: ¢, d).

With TB/FM contacts pattered via EBL with 200 nm injector widths and 400 nm
detector widths, the wafer is separated into individual arrays to characterize various TB
oxidation conditions to optimize spin signal to noise ratios. Immediately prior to TB
deposition, the device array is heated to 120°C for 2 minutes at 1.4 x107 torr in the
physical vapor deposition (PVVD) chamber to clean the exposed graphene surface at the
bottom of the patterned trenches. While an additional forming gas anneal procedure at
this step would be preferred, the lithography resist is not capable of maintaining device
dimensions at the required temperatures (300°C) for the forming gas procedure. TBs
were deposited in a 2-step process where 0.4 A of Ti is deposited via EBE followed by in
situ oxidation at the target pressure for 10 minutes. This process is then repeated,
followed by EBE of 25 nm of Co to complete the TB/FM contact. Oxidations on
individual device arrays were performed at 75 torr, 10 torr, 1 torr, and 1 torr with the
array allowed to cool to 40°C prior to the first oxidation step, noted as the “1 torr cool”
condition in Figure 3.6. A comparison of representative spin signals detected in the
standard NLSV controls with 1.5 um diffusion channels for each of these TB oxidation

conditions is presented in Figure 3.6: a-d.
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The identification of TB oxidation conditions enabling acceptable signal to noise
ratios in the standard NLSV control devices is performed to establish fabrication
procedures for HDDSV devices with increased probability of signal detection. Spin
signal characterization is performed through voltage measurements on the nonlocal side
of devices (VL Fig. 3.2: a) as an in plane magnetic field is swept from negative to
positive (blue signals in Fig 3.6: a-d) and then positive to negative (orange signals in Fig.
3.6: a-d). This detected voltage is then divided by the injection current, yielding the
nonlocal resistance (Rni). The external magnetic field at the maximum negative value
aligns both injection and detection FMs to the negative orientation. During the sweep to
larger positive values, one FM switches to the positive alignment orientation first and an
increased Rnc value is detected. This increase is a result of the antiparallel alignment of
the injection and detection FMs and the spin population imbalance present under the
detection FM. As the field strength continues to increase in the positive direction, the
second FM becomes positively aligned, and the Ry value decreases as the magnets are
one again parallel. The width of the magnets, and the associated coercive forces
necessary to align them to an external field, is chosen, in this case 200 nm and 400 nm, to
enable a sufficient difference in required field strengths to observe the antiparallel
state.’*® The difference in the Ry in the parallel and antiparallel state is the spin signal

(ARNL).
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Preliminary oxidation at 75 torr (Fig. 3.6: a) was performed following reported

results with similar TiO2> TBs and Co FMs however only 1 of 10 characterized devices

a) 75 torr B, (gauss) b) 10 torr B, (gauss)
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Figure 3.6: a-d) Representative spin signal from NLSV devices with TB oxidation treatments of
75 torr, 10 torr, 1 torr, and 1 torr with cooling prior to O, exposure. Blue signal represents an
external magnetic field sweep from negative to positive while orange signal is collected during a
sweep from positive to negative. Black arrows represent the orientation of injection and detection
magnets with detected resistance at a maximum in the antiparallel state and a minimum in the
parallel state and the spin signal (ARnL) represented by the difference in the antiparallel and
parallel configurations. €) Average zero bias resistance of the injection FM/TB contact (green) and
metal contact resistance (purple) at each oxidation condition with error bars representing the
standard deviation. All data is from NLSV control devices with 1.5 um diffusion channels and 800
nm graphene channel widths.

exhibited spin signal, ARnL= 0.02 Q.**” When the oxidation pressure is reduced to 10 torr

(Fig. 3.6: b), 2 of the 5 characterized devices are observed to exhibit a nonlocal spin
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signal and the average magnitude is increased to 1.8 Q. Following characterization of
these devices, current injection was performed via a dedicated current source rather than
a voltage source though a 1 MQ ballast resistor to increase control of injection current
magnitude and reduce noise associated with voltage modulation through highly resistive
injector TB/FMs.13 Further reduction in oxidation pressure to 1 torr (Fig. 3.6: c) results
in a small increase in average detected ARn to 2.1Q and all 5 NLSV control devices
exhibited spin signal. With the cooling step added to the TB deposition procedure, (Fig.
3.6: d), the background noise is greatly reduced. A comparison of average metal contact
resistance to average injector zero bias resistance, (Fig. 3.6: e), indicates that delaying the
first oxidation step until the device array has cooled has little effect on the injection FM
resistance, from an average of 73 kQ to 60 kQ, but reduces the MC resistance by a factor
of 3, from 9 kQ to 3 kQ. These findings are in agreement with reports that it is not only
the oxidation level of the FM TBs that effect background noise but the relationship
between the resistance of the metal contacts and the injection FM/TB.* Specifically,
these results indicate that oxidation of the metal contacts or the graphene MC interface,

deposited in a previous fabrication step, is dominating device resistance.

The results presented in Figure 3.6 are collected from NLSV control devices with
patterned graphene channel widths of 800 nm as devices with 400 nm wide patterned
channels showed no repeatable spin signal and an increased tendency to present as opens
after initial characterization. Scanning electron microscopy (SEM) inspection of graphene
channels (Fig. 3.7: a,b) indicates that the graphene channels are on average 250 nm and

300 nm thinner than the EBL patterned widths of 800 nm and 400 nm respectively (Fig.
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Figure 3.7: SEM images of a) 400 nm and b) 800 nm patterned graphene transport channels in
HDDSV devices indicating a varied sizes and profiles at each size. ¢) Comparison of measured
widths of 10 400 nm patterned channels and 10 800 nm patterned channels with inset SEM images
of channels and average widths.

3.7: ¢). The discrepancy between patterned width and actual graphene channel width can
be attributed to O> plasma penetration under the lithography mask during the etch step to
define the graphene channel. The 400 nm patterned channels have smaller contact areas
between the graphene and the resist mask which may enable further penetration of the O2
molecules and larger variations in channel width, when compared to the 800 nm
patterned channels. The small graphene channel widths on 400 nm pattered channels
warrants further reduction in oxidation pressure during the TB deposition step to realize
FM injector contact resistances in the ranges shown to enable spin detection on 550 nm

channels.
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Detected spin signals were observed to increase in magnitude, ~15.2%, over 3
days of characterization accompanied with an increase in both FM injector and metal
contact resistances, a phenomenon that has been previously observed in our group.!®
This increase can be attributed to further oxidation of the Ti portions of both the TB and
metal contacts as well as potential oxidation of the Co FM contacts.* To investigate this
effect, the devices, which are characterized in a vacuum probe station at 1x107 torr, were
exposed to a secondary oxidation procedure. This was achieved through exposure of the

device array to ambient conditions for 3 hours and characterization following a return to

Pre ambient Postambient

exposure exposure %
Parameter (avg. / SD) (avg. / SD) Change
Inj ZBR (kQ) 60.3/10.8 84.6 /19.4 40.3

Contact resistance (kQ) 31/23 69/43 122.5
Antiparallel state width

(gauss) 1852 /124 73.9/20.6 -60.0
Switch location (gauss) 1152 /346 3894 /183.0 2375
Parallel orientation

noise (€2) 14/03 33/21 129.1
AR (Q) 2.4 /1.0 73/23 193.3
Working Devices 5 3 -40

Figure 3.8: Comparison of NLSV control device parameters before and after ambient exposure for
3 hours.

vacuum. A comparison of relevant device parameters collected from NLSV control
samples is presented in Figure 3.8 with representative magnetic sweep data pre and post
ambient exposure displayed in Figure 3.9. A comparison of the contact resistances pre
and post ambient exposure reveals a 40.3% increase in average injector ZBR and a
122.5% increase in average metal contact resistance indicating that these exposed contact
components are susceptible to further oxidation. Additionally, an increase in the average

magnetic field strength at which antiparallel states is observed coupled with a reduction
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in average antiparallel state widths. This may indicate further oxidation of the Co FM

contacts with a reduced size of unoxidized Co requiring a stronger external magnetic
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Figure 3.9: Magnetic sweep data displaying pre ambient exposure (blue) and post ambient
exposure (black) signals indicating an increase in ARy and a decrease in the width of antiparallel
states following exposure to ambient conditions.

field to align. Similarly, the reduction in width of the antiparallel state may stem from in
a reduction in the size difference between the FM contacts indicating that they oxidize at
varied rates. Finally, a comparison of the post ambient exposure contact resistances and
detected spin signals to those characterized in Figure 3.3.3 reveal that changes during
ambient exposure of fabricated devices are not achieved through variation of the initial
oxidation of the TB during fabrication. These findings indicate that changes to both the
Ti portions of contacts and potentially the Co oxidation state and size represent additional
avenues for spin signal manipulation and device state targeting beyond the TB/FM

fabrication step.1#
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The techniques developed in this section demonstrate wafer scale graphene device
fabrication and the identification of processing effects on achievable yield. Further
optimization of device component parameters and TB/FB targeting coupled with
characterization of post fabrication aging effects is ongoing.

3.4: HDDSV Device Characterization

In this section, characterization results from post ambient exposure HDDSV
devices and associated controls are reported to identify spin transport phenomena. Of the
20 control devices with angled transport channels, none display repeatable spin signal in
the nonlocal configuration. There are a number of potential causes for the lack of spin
signal detected in the devices. Inspection of the FM injector and detector spacing (Fig.
3.10) reveals a reduced separation in both angled devices compared to the standard
NLSV configuration. As local magnetic fields surrounding FM contacts have been
proposed as a mechanism for spin relaxation, the additional portion of the graphene
channel in proximity to the FM contacts may reduce achievable spin transport
distances.!#? Additionally, as the magnetic field is swept (directions for positive and
negative sweeps displayed as black arrows in Fig. 3.10: a) to generate the parallel and
antiparallel configuration in the FM contacts, diffusing electron in the channel will travel

with a component parallel to the changing field as opposed to perpendicular to it, as in
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Figure 3.10: SEM images of NLSV control devices a) in the standard configuration with black
arrows indicating the direction of the in-plane magnetic sweep, b) with a 45-degree angle in the
graphene channel between the injection and detection FM contacts, and c) with a 90-degree angle
between injection and detection FM contacts.

the standard NLSV. The effects of an in-plane angle between a diffusing electrons spin
polarization and an applied magnetic field are not well described in literature and may
represent an additional spin relaxation mechanism similar to the phenomena behind
Hanle spin precession measurements. Finally, the increased likelihood of diffusing
electron interactions with graphene channel edges in the angled devices may represent
increased momentum scattering events, the dominant cause of spin relaxation proposed in
the Elliott-Yafet model. Decoupling these effects through modifications in applied
external field orientations, increased channel widths and magnet separations, as well as
number of bends in the channel will be necessary to determine the dominant

phenomena.*®
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Additionally, residual resist is detected at the edges of FM contacts for all
HDDSV and control devices (Fig. 3.10: b). This residual polymer can be attributed to the
small feature size of the FM contacts as well as potential changes to the polymer resist
structure during the Oz potion of TB deposition, as it does not appear in the larger metal
contacts that do not include an oxidation step during fabrication. The development of
post fabrication cleaning procedures to remove this residue is ongoing, however its
presence on both HDDSV and control NLSV devices coupled with the reduced
conductivity of PMMA compared to graphene indicates a minimal effect on spin

transport phenomena.

HDDSV devices were first characterized in the standard nonlocal configuration to
determine effects of additional FM contact inclusion (Fig. 3.11). 35% of HDDSV devices
were found to exhibit spin signal in 90-degree angle devices following ambient exposure
while 55% of 45-degree angle devices demonstrated nonlocal spin signals. Magnetic
sweep data from 4 of the 20 characterized HDDSV devices with a 90-degree channel
bend displays single switching event (Fig. 3.11: a). As the magnetic field is swept from
negative to positive values (blue data in Fig. 3.11: a) one FM contact switches to the
positive alignment but the achievable field strength (£1000 Gauss) is insufficient to align

the second magnet and the injection and detection FMs remain in the antiparallel state.
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Figure 3.11: a) magnetic sweep profile of 90-degree HDDSV device measured in the standard
configuration b) with spin injection and detection occurring on the straight graphene channel. c)
magnetic sweep profile of 45-degree HDDSV device measured in the standard configuration d) with

spin injection and detection occurring on the straight graphene channel.

During the sweep from positive to negative (orange data in Fig. 3.11: a) the magnet with
the positive alignment returns to the negative alignment and the FM injection and
detection magnets are again in the parallel orientation. The SEM image (Fig. 3.11: b) of
90-degree devices reveals reduced spacing between the injection FM and the detection
FM on the angled channel when compared to the 45 degree devices (Fig. 3.11: d). One
potential explanation for the single switch behavior observed in 90-degree devices that is
not observed in 45 degree devices (Fig. 3.11: c) is that the proximity of the second
detection FM stabilizes the injection FM. As both detection FMs are the same size, they
are expected to switch at similar field strengths, and in the antiparallel state with the

injection FM, would represent a 3 magnet system. This system would require increased
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field strengths to align the third magnet into the parallel state compared to a 2 magnet
system. This is supported by the difference in the external field required to switch into the
antiparallel state, 108 gauss, and the parallel state, -305 gauss. Additionally, while the
HDDSV devices with 45 degree angles show traditional switching behavior (Fig. 3.11:

c), from parallel to antiparallel states for each external field sweep direction, the average
antiparallel width is wider, 135 gauss, and is centered at a lower external field, 167 gauss
in the positive direction, when compared to standard NLSV devices, 73 and 383 gauss
respectively. The single switch and increased stability of the antiparallel orientation
observed in the 90 degree channels reveals a potential avenue for increased targeting of
switched states through the use of stabilization magnets near injection and detection

FMs.144

The angled side of HDDSV devices were characterized to detect spin signals in
the asymmetric channel which are proposed to originate from a moving population of
spin polarized electrons. In the HDDSV configuration, no 90-degree devices exhibited
nonlocal spin signal while 20 % of 45-degree devices exhibited repeatable spin transport.
Nonlocal voltage measurements were performed, (Ve in Fig. 3.12: a) and large spin
signals, average ARnL Of 742 Q across the 3 active devices, were detected (Fig. 3.11: b).
In addition to the detection of large spin signals, increased background resistance in the
parallel alignment was observed, averaging 215 Q, while antiparallel orientations

occurred at increased external field strengths, averaging 815 gauss. The increased
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background resistance could stem from current leakage down the asymmetric leg,

representing a local measurement, and large spin signals have been reported in literature,
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Figure 3.12: a) SEM image of HDDSV device with 45-degree asymmetric angle and overlaid
depiction of nonlocal (VL) and local (A) measurement configurations. b) Nonlocal magnetic
sweep measurements at the HDDSV channel with ARy, of 865 Q. ¢) Local measurement magnetic
sweep measurements depicting current reduction in the antiparallel state.
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on the order of MQs, in the local configuration with MQ resistance injection and
detection contacts.'*® To determine the potential for this device to act in a local
configuration, current measurements were taken at the HDDSV detection FM (red A in
Fig. 3.11: a) while 1 pA current was sourced from the injection FM to the grounded MC.
Current measurements as the applied external field is swept (Fig. 3.11: c) reveal
switching between the parallel and antiparallel states in this local testing configuration
and the 369 nA average current in the parallel FM state confirms the current divider
operation with a more resistive detection FM than grounded MC. As the external
magnetic field is swept, and the injection and detection FMs become antiparallel, the

resistance at the detection FM to the spin polarized electrons sourced from the injection
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FM increases and the detected current decreases. The spin signal is not observed in a 2
terminal local measurement, with current monitoring at the HDDSV detection FM as
voltage is applied between the injection and detection contacts. The underlying
mechanism enabling spin signal detection in 3 terminal local measurements but not in a 2
terminal configuration requires further investigation. While current switching with
varying applied voltages in carbon nanotube y-shaped devices has been observed!*® and
y-shaped channel preference of spin polarized electrons in 2D materials with and without
Rashba spin orbit coupling has been theoretically predicted'*’ the detected phenomena in
HDDSV devices presented here has not been observed previously. The large detected
spin signal in the HDDSV channel and 3 terminal local measurement capabilities
represent a potential avenue for long distance spin transport and reduced device
complexity, with a single injection channel and branching detection channel addressable
in a three probe configuration as opposed to the 4 required in standard NLSV devices.
Though these preliminary results are promising, deconvolution of drift and diffusion
effects, FM and metal contact resistance ratios, spin scattering at the asymmetric
intersection, and in-plane angle effects between the applied external magnetic field and
the spin polarized electron transport direction will be necessary to advance graphene as a
spin transport channel for spintronic applications. The HDDSV device reported in this

section represents a new configuration for characterization of these effects.

3.5: Summary

In conclusion, we have demonstrated the design and fabrication of wafer scale

graphene spin transport devices through scalable processes with 64% graphene channel
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yields over 360 devices. 120 device arrays containing standard NLSV devices, angled
channel controls, and HDDSV devices with varied parameters were designed to reveal
graphene spin transport phenomena not readily observable in current device architectures.
Standard NLSV devices were used to optimize tunnel barrier oxidation procedures and
enabled 95% yield of spin active control devices with ~550 nm graphene channels.
Further oxidation of both FM and metal contacts were performed and revealed an average
193% increase to achievable spin signal magnitude post ambient exposure and a
reduction in the average antiparallel state width with an increase in the average external
field strength required to flip FM magnetic orientations. The results from post fabrication
ambient exposure reveal detected spin signal magnitudes and profiles not achievable
through oxidation variation at the time of tunnel barrier fabrication, pointing to additional
fabrication techniques for spin signal manipulation. Control devices with angled diffusion
channels show no repeatable spin signal and suggest FM influences, graphene edge
scattering, and in-plane angles between diffusing electrons and the external magnetic
field as potential causes for early spin relaxation. While neither 45-degree or 90-degree
angled control devices displayed a spin signal, some HDDSV devices with 45-degree
angles displayed the large spin signals, with a maximum ARnL of 865Q. These devices
also displayed magnetic switching behavior in a local three-point measurement
configuration indicating that some interplay between injected and diffusing electrons may
be enabling spin signal detection not observed in the angled control devices. Finally, the
standard nonlocal side of HDDSV devices display larger antiparallel state widths on

average compared to their control NLSV counterparts while 20% of 90-degree HDDSV
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devices display single switch events. This stabilization of magnetic orientations may
result from the additional FM included in the HDDSV devices and represents a potential
avenue for FM state targeting without altering contact sizes through the inclusion of
additional FM or permanent magnet device components. This work represents the large
scale fabrication of new graphene spin device architecture and identifies avenues for
further fabrication improvements and device considerations necessary for the realization

of spintronic devices with graphene transport channels.

3.6: Experimental Methods

Wafer scale Graphene Device Fabrication

2.5-inch by 2.5-inch graphene films on 4 inch SiO> were purchased through
Graphene Square. Electron beam lithography (EBL) was performed by a collaborator at
Intel Corp. to define graphene channels and contact locations. Graphene removal to
define channels was performed in a custom CVD reactor through exposure to a 20 W O>
plasma for 15 seconds and graphene quality was verified through Raman inspection in a
Horiba Jobin Yvon HR800 with 532 nm laser excitation. Metal depositions were
performed at Portland State University on a Kurt. J Lesker AXXISS multi-target physical
vapor deposition system (PVD) via electron beam evaporation. Metal contacts were
fabricated through 5 nm Ti deposition followed by deposition of 50 nm Au at 1x10 torr.
Forming gas anneal procedures were performed on a custom CVD chamber at 300°C for
2 hours under an atmosphere of 95% N, / 5% H, at a pressure of 5x10 torr after liftoff
of metal contacts. Atomic force microcopy inspection of graphene surface was performed

with a Nanosurf Flex-Axiom system in noncontact mode. Following EBL definition of
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FM contact locations at Intel Corp., the sample was heated in the PVD system to 120°C
for 2 minutes and TBs were deposited via EBE of 0.4 A of Ti followed by in situ
oxidation at 75 torr,10 torr, 1 torr, or 1 torr after the sample had cooled to 40°C, for 10
minutes. The PVD was evacuated to base pressure following oxidation and the 0.4 A Ti
deposition and oxidation steps were repeated. FM contacts were deposited via EBE of 25
nm of Co and lift off was performed in acetone for 1 hour. Following lift off the sample

was placed in to the probestation at 1x107 torr for characterization.
Device Characterization

Characterization of graphene channels following metal contact deposition was
performed on a Cascade Microtech probe station with 2-point and 4-point DC
measurements taken with an Agilent B1500A semiconductor parameter analyzer (SPA)
to determine graphene and metal contact electrical properties. Following FM deposition,
the sample was characterized in a Lakeshore vacuum probe station with in-plane
magnetic field capabilities of 1000 gauss. Spin signals were detected through sweeping
the magnetic field and detecting current or nonlocal voltages with an SRS SR850 DSP
lock-in amplifier. Current was first injected through voltage modulation driven by the
lock-in amplifier sine output through a 1 MQ ballast resistor, however increased current
control was achieved with current driven by a Keithly 6221a current source linked to the
lock-in amplifier and was used to characterize HDDSV devices. A back gate voltage was
applied to the sample at 40 V through the SPA during characterization of magnetic
sweeps and data was collected through an in-house LabVIEW program to record voltage

or current as a function of in-plane magnetic field strength.
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4: Conclusion

Graphene adoption in CMOS and beyond-CMOS applications necessitates
advancements in synthesis and characterization techniques to reduce growth requirements
and reveal phenomena governing spin transport. High temperature CVD processes on
micrometer scale Cu remains the primary method for large scale and high quality
graphene synthesis. The temperature and catalyst requirements associated with this
technique have hindered the inclusion of graphene as a component in CMOS applications
seeking to utilize the single atomic thickness material as an alternative to current device
components. In the case of beyond-CMOS applications, the uncertainty associated with
fundamental spin transport mechanisms as well as the lack of varied device
configurations produced through scalable fabrication techniques and materials has slowed
the transition from fundamental investigation to implementation. The findings reported
here demonstrate the development of PECVD graphene synthesis techniques to reduce
growth requirements toward advancing graphene adoption in current CMOS applications,
while novel device configurations fabricated through scalable processes reveal spin
transport phenomena representing avenues toward the realization of graphene spintronic

devices.

Following the initial demonstration of graphene synthesis via CVD, intensive
research efforts have focused on reducing catalyst thickness and synthesis temperature
requirements toward direct incorporation of graphene in applications with nonplanar
surfaces where transfer techniques are precluded. Toward this goal, the synergistic

relationship between the reaction environment, hydrocarbon precursor configuration, and
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catalyst morphology and reactivity, has been extensively studied. However, maintaining
graphene film uniformity and quality remain as challenges as synthesis temperatures and
catalyst thicknesses are reduced. To identify new avenues for continued advancement,
this dissertation described two pathways, 1) control of hydrocarbon precursor size and
ionization state during PECVD synthesis and 2) multimetal catalyst design, to enable

targeted growth pathways and resultant graphene morphology.

We have demonstrated 95% few-to-monolayer graphene at 500°C through
increasing the hydrocarbon precursor size and ionization state during PECVD synthesis.
The characterization of hydrocarbon species generated during plasma ignition and control
of species interacting with the catalyst, represents a new methodology for targeted
graphene synthesis. The ability to selectively screen high energy ions and allow larger
neutral molecules to interact with the catalyst enables reduced rates of multilayer
graphene formation. Additionally, increasing the energy of these larger molecules
through secondary plasma generation enables increased film uniformity and reduced
defect concentrations. While these techniques have been used to produce quality
graphene on 50 nm metal catalysts, they demonstrate a new technique for control of
graphene synthesis pathways that may enable direct graphene formation on new
substrates through matching precursor reactivity and size to the target substrate
characteristics. Finally, the ability to control defect densities through manipulation of the
hydrocarbon precursor during synthesis represents a new method for synthesizing
defective graphene, which exhibits unique properties dependent on defect types and

concentrations, for targeted applications.
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In addition to in situ PECVD synthesis manipulation, we have demonstrated the
use of trimetallic catalysts to enhance graphene layer number and uniformity control over
traditionally considered bimetallic catalysts. Simulation reveals that Au inclusion in
primarily Ni catalysts increases energy requirements for hydrocarbon dehydrogenation
while Cu inclusion increases energy requirements for carbon-carbon bond decomposition.
The combination of small percentages of these metals, in a bulk Ni catalyst, increases
energy requirements for all hydrocarbon decomposition steps, suggesting a mechanism
for observed improvements in graphene layer number and uniformity grown on NiAuCu
catalysts. Grain size and orientation inspection of these catalysts reveals modulation with
each metal component inclusion and represents an avenue toward targeting graphene
morphology via catalyst composition design. Through modulating the rate of
hydrocarbon precursor decomposition, the rate of both graphene synthesis and catalyst
saturation can be tuned to promote layer number suppression and increases to film
uniformity, the primary issues associated with low temperature graphene production on
thin film catalysts. These synthesis and catalyst design techniques represent new avenues

toward promoting graphene inclusion in industry applications.

In addition to the development of graphene synthesis procedures, graphene spin
transport phenomena have been considered. Graphene as a spin transport channel is
primarily investigated in a NLSV device configuration which enables determination of
spin transport parameters through detection of a non-local voltage arising from spin
diffusion. Experimental results collected from these devices are orders of magnitude

smaller than those theoretically predicted and numerous causes of this discrepancy have
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been proposed in literature. While increases in achievable spin transport in a graphene
channel have been realized through inclusion of additional materials and external field
application, the standard device design and small numbers of devices considered warrants
the use of novel device configurations and the demonstration of scalable fabrication

techniques and materials.

To advance understandings of graphene spin transport phenomena and device
configurational effects, a new device architecture, the HDDSV, has been developed. This
device contains an additional graphene channel originating from the injection leg of a
standard NLSV device and is intended to reveal diffusion and drift interactions as well as
magnetic component effects on achievable spin signals. 36 arrays, each containing 120
devices has been fabricated through industry standard lithography and metal deposition
techniques on a 4-inch wafer of commercially available graphene to demonstrate scalable

processes suitable for spin based device production.

Characterization of non-local spin signals in the standard leg of some HDDSV
configurations reveals an increase in state stability of the antiparallel magnet orientation.
This phenomenon may be attributed to the inclusion of additional magnetic contacts in
the HDDSV device, which represents an avenue for improved precision in targeting
states of individual detection components in devices with increased complexity.
Examination of detected spin signals in the additional leg of some HDDSV devices with
45-degree angles reveal large spin signals, ARnL up to 865 Q, with spin signal detected in
a 3-point local configuration. The detection of these spin signals, compared to the lack of

spin signals detected in angled control devices or 90-degree HDDSV devices, indicates a
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potential interaction between drift and diffusing electrons. Additionally, the 3-point local
measurement capabilities of this configuration represents an avenue for the development
of long distance spin transport devices through a single injection channel and multiple
detection channels. While these results are promising, the new device configuration
reveals a variety of phenomena not observed in the standard NLSV configuration,
ranging from graphene edge interactions in angled channels, increased local magnetic
field complexity with additional magnetic components, as well as a variation in electron
diffusion direction, spin polarization direction, and external magnetic field direction that

warrant further investigation.

The findings reported in this dissertation represent not only the detection of new
phenomena but the development of techniques to enable continued advancement of
graphene synthesis and characterization toward application. The in situ manipulation of
PECVD precursors to control synthesis pathways to the characteristics of the target
substrate represents an avenue for graphene synthesis on an expanded range of materials.
Additionally, the detection of spin signals in HDDSV devices in a local 3-point
configuration reveals a new device architecture for optimization toward the realization of
graphene spintronics. Continued research in these areas is expected to advance graphene

inclusion in both current and future applications.
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