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Abstract 

 

Graphene, the first experimentally isolated atomically thin crystal has displayed 
numerous superlative properties for quantum and spin-based electronics, as evidenced 
by research results of more than a decade. The scalable form of graphene, produced by 
the chemical vapor deposition (CVD) method has been increasingly attracting scientific 
and technological interest, as outstanding properties are combined with large scalability 
and high quality. The high-performance devices based on large-scale polycrystalline 
graphene growth capabilities with efficient charge and spin transport make it prospective 
for practical implementation into future spintronic and quantum integrated circuits. 
While CVD graphene presents unlimited prospects for exploring spin currents, there exist 
challenges along the way in terms of scalability of efficient performance, and reliability. 
Deformations, wrinkles, and structural (electronic) modifications caused at the interfaces 
with contacts remain key concerns for device performance. In particular, oxide-based 
interfaces with graphene are central to both graphenes electronic and spintronic devices. 
For high-performance scalable devices, it is of crucial significance to understand the 
details of these interfaces and how devices of CVD graphene with polycrystallinity 
respond to high current limits.  In this thesis, we discuss a systematic study of the effect 
of e-beam evaporated ultra-thin titanium oxide (TiOx) and aluminum oxide (AlOx) on 
graphene; which are conventionally used as tunnel barriers in spintronic and 
nanoelectronics devices. Characteristic topographic features of both metal oxides on the 
graphene surface were revealed by atomic force microscopy. To estimate the impact of 
these oxides on graphene, electrical measurements were performed on graphene spin 
devices with and without metal oxides on the same devices. These measurements show 
significant p-type doping for both metal oxides, with sustained sheet conductance (σ0) 
and mobility (µ) values. Strikingly, Raman spectroscopy and X-ray photoelectron 
spectroscopy show the emergence of significant sp3 carbon for AlOx on graphene, in sharp 
contrast to TiOx. Our results and observations, together with theoretical calculations 
provide new insights into how sp3 carbon for AlOx can lead to new memristive 
mechanisms and explicate enhanced spin relaxation into graphene with AlOx devices, 
which was widely attributed to the presence of interface pinholes. Here we also 
investigate how CVD graphene-based devices respond to high current stress to 
understand their stability and robustness. Despite the grainy and wrinkled structure, we 
observed the highest till-date current density of 5.2 × 108 A/cm2, remarkably higher than 
previously reported values for multilayer graphene and graphene nanoribbons. The 
recorded reversible regime (~108 A/cm2) for device operation allows reliable spin 
transport measurements with an observable spin signal up at such high current density. 
Furthermore, our investigation also encompasses cyclical current-voltage electrical 
measurement, to unveil the stability of graphene/ultra-thin oxide interfaces in graphene 
devices. Overall, these results present significance for CVD graphene device engineering 
for nanoelectronics and spintronics.  

Keywords: chemical vapor deposited (CVD) graphene, graphene electronics, graphene 
spintronics, charge transfer, high current density  
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Chapter I                                                            

Graphene for nanoelectronics and spintronics 

The discovery of two-dimensional (2D) materials opened up promising areas in 
fundamental research as well as application possibilities for nanoelectronics and 
spintronics. Graphene, the first material to be discovered in the 2D materials family, was 
experimentally isolated for the first time in 2004 by two researchers at the University of 
Manchester, Professors Andre Geim and Kostya Novoselov [1] using the scotch tape 
method to peel layers from a lump of bulk graphite. Graphene offers high electron mobility 
and mechanical strength combined with transparency and flexibility. Following the initial 
promise, for scalability, several methods were explored, out of which, chemical vapor 
deposited (CVD) graphene stands out as a promising material with significant application 
potential. In this chapter, we will briefly discuss the uniqueness of graphene originating 
from its structure, how large-scale graphene is obtained by CVD methods, promising 
experiments in electronics and spintronics (such as ballistic transport and spin transport), 
and existing avenues/challenges in CVD graphene.  

 

1.1 Graphene: a unique two-dimensional material 

Graphene is an atomically thin allotrope of carbon, where the carbon atoms are arranged 
in a hexagonal honeycomb lattice. This arrangement arises from the sp2 hybridization of 
the carbon atoms. Graphene is the only atomically thin material (monolayer thickness 
~3.35 Å) known till date that demonstrates a combination of high electrical and spin 
transport, thermal conductivity, mechanical strength, flexibility, elasticity, chemical 
stability, and a high optical absorption coefficient (2.3%). It provides outstanding 
possibilities in terms of its electrical properties that arise from the arrangement of carbon 
atoms in the layered structure allowing electrons to move freely at extremely high speeds 
without significant scattering. In fact, the history of graphene began more than half a 
century ago, when its electronic structure was first discussed by P.R. Wallace [2]. Its 
electrical properties can be related to its exceptional electronic structure. The 
honeycomb lattice of graphene is not a specific Bravais lattice, rather it can be 
represented as a combination of two sublattices: A and B (Figure 1.1a). The graphene 
hexagonal lattice can be described by the primitive translation vectors: 

 𝑎1⃗⃗⃗⃗ = √3𝑎0(
√3

2
;
1

2
) and 𝑎2⃗⃗⃗⃗ = √3𝑎0(

√3

2
; −

1

2
) (Figure 1.1 b), (1.1) 

where  𝑎0 = 1.421 Å is the carbon-carbon bond distance. The reciprocal lattice is also 

hexagonal with the reciprocal lattice vectors: 

  𝑏1
⃗⃗  ⃗ =
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(
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2
) (Figure 1.1c).  (1.2) 
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Figure 1.1. (a) Scheme showing graphene lattice, with the carbon atoms of the two 
sublattices (A and B) marked in green and red, respectively. The carbon-carbon bond 
distance is a0. (b) The primitive unit cell of graphene showing the primitive translation 
vectors, a1 and a2. (c) Scheme showing reciprocal lattice of graphene (also hexagonal) with 
the reciprocal lattice vectors, b1, and b2. High symmetry points are labeled as K, M, and 

K.  

Thus, the graphene band structure can be calculated by the first-nearest-neighbor simple 
tight-binding model using only out-of-plane orbitals. The approximation considers only 
hopping between nearest-neighbor atomic sites since higher-order hopping terms are 
significantly smaller and can be neglected. This gives rise to two independent points per 
Brillouin zone, K and K’. In the valleys, the valence and conduction bands touch at K and 
K’. The energy spectrum of electrons in graphene can be described by the following 
equation: 

 
𝐸±(𝑘⃗ ) = ±𝑡√1 + 4 cos (

3𝑘𝑥𝑎

2
) cos (

√3𝑘𝑦𝑎

2
) + 4𝑐𝑜𝑠2(

√3𝑘𝑦𝑎

2
), (1.3) 

where 𝑎 = √3𝑎0 and t is the transfer integral between first-neighbour π-orbitals (nearest 
neighbor hopping energy). 

Here, unlike the parabolic dispersion for semiconductors, at low energies graphene shows 
a linear energy relation 

 𝐸𝑘 = ±ℏ𝑣𝐹|𝑘|, (1.4) 

where reduced Plank constant (ℏ), Fermi velocity (𝑣𝐹) ~106 𝑚/𝑠, wave vector (𝑘)  
Graphene emerges as a semimetal (a semiconductor with zero bandgap), where the 
electron/hole dynamics is described not by the Schrödinger equation, as in bulk 
semiconductors, but by the Dirac equation for massless quasiparticles. Graphene 
electronic linear dispersion with ambipolar functionality [2] leads to charge carriers 
having very high mobility and carrier tunability with an external electric field.  Besides, 
the two gapless bands touching at the Dirac points K and K’ makes graphene capable of 
conducting electricity even at the limit of nominally zero carrier concentration. That can 
be observed because of electron propagation along carbon atoms, where interaction 
appears with the periodic potential of the graphene honeycomb lattice. Although a 
minimum conductivity at the neutrality point has been theoretically predicted for Dirac 
electrons in graphene in the ballistic regime with a value of 4𝑒2/𝜋ℎ [3], the origin of the 
observed minimum conductivity and its interplay with a disorder in diffusive devices has 
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fueled both theoretical and experimental debate. Once again, owing to the A and B 
sublattices, electrons/holes in graphene acquire an additional degree of freedom, called 
pseudospin. This leads to a series of remarkable quantum transport phenomena such as 
anomalous integer quantum hall effect [4], [5], fractional quantum Hall effect[6], and 
Klein tunneling [7]. Furthermore, at room temperature, graphene shows high-quality 
carrier transport, that results in the observation of micrometer ballistic transport lengths 
[8]. Apart from the charge transport, graphene also shows an ultimate promise for the 
transport of spin-polarized electrons, for graphene spintronics. The intrinsic weak spin-
orbit coupling[9], and negligible hyperfine interaction[3] in graphene make it an ideal 
medium for transporting spin-polarized currents, with a predicted spin diffusion length 
~100 µm at room temperature [10]. Fascinatingly, the room temperature charge and spin 
transport phenomena such as field effect tunability, ballistic transport [11], and longest 
spin transport [12] can be realized in large-scale graphene such as CVD graphene. In 
particular, the ballistic and spin transport phenomena allow for the practical potential of 
graphene in graphene nanoelectronics and spintronics.  

1.2 Synthesis methods 

In the laboratory, graphene can be readily obtained by mechanical exfoliation of graphite 
crystals using scotch tape. This technique is still the most widely used method to obtain 
high-quality graphene flakes, that have been employed to investigate quantum and spin 
transport in graphene and its heterostructures with other crystals. More recently, a rapid 
interest in graphene-based applications and a focus towards translational research have 
propelled the need for exploring other methods for graphene isolation and synthesis. 
Below, we describe a few key methods for graphene synthesis.  

Mechanically exfoliated graphene. Physical methods allow for the production of high-
quality graphene on a laboratory scale. The mechanical exfoliation method is quite simple 
and can be used for all 2D materials where the atomic layers are weakly coupled in the 
respective bulk crystals. The first graphene sample was obtained by Novoselov and Geim 
using such a technique [1]. Homogeneity and high crystallinity are the key factors for 
selecting graphite sources such as natural graphite, kish graphite, or highly oriented 
pyrolytic graphite (HOPG). Despite the low yield, low productivity, and small crystal sizes 
(few μm), this method remains the most reliable method for obtaining high-quality single 
crystalline samples with record carrier mobility suitable for electrical transport 
measurements on the laboratory scale. 

Large-scale graphene. Realizing large-scale graphene industrially can become a golden 
approach to translating graphene research into applications.  Large-scale synthesis of 
graphene is mainly achieved via two routes, namely epitaxial growth and CVD growth. 
Epitaxial growth involves obtaining graphene on the surface of silicon carbide (SiC) by 
sublimation of Si atoms from its surface. Since to the graphene layers obtained here are 
an intrinsic part of the substrate (the top layer of the substrate with the So atoms 
removed), this form of graphene cannot be easily transferred to a different substrate. In 
contrast, CVD growth allows us to obtain graphene with bigger crystals and high mobility 
on chosen substrates for use in laboratories as well as potential industrial applications. 
This idea originated from the work published by Ruoff's group in 2009 [13] and was then 
developed further in the subsequent reports demonstrating the roll-to-roll production 
method [14], [15]. Nowadays, commercial graphene with a size of up to 8 × 8 cm2 
produced on a metal substrate and then transferred onto a SiO2/Si wafer or quartz glass 
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are available from several companies (Graphenea Inc., ACS Material), and these 
demonstrate mobility suitable for electrical measurements and exploration of 
applications in electronic, photonics or batteries. 

Graphene composites synthesis for non-electrical applications. Plenty of applications do 
not require high-quality samples, the more important is mass production which can be 
achieved by chemical methods. The principle is the intercalation of graphite with 
surfactants, which have higher energy of interaction with graphene layers than the van 
der Waals forces between the layers. After intercalation, the distance between the layers 
increases, which allows mechanical treatment (sonication and centrifugation) on the 
graphite to separate the layers. Another way is graphite exposed to a mixture of sulfuric 
and nitric acids, followed by oxidation, and carboxyl groups of graphene appear at the 
edges of the sample [16], [17]. Then, graphene layers can be formed under the reaction 
with octadecylamine (C18H39N) in solutions of tetrahydrofuran (C4H8O), carbon 
tetrachloride (CCl4), and dichloroethane (C2H4Cl2) with a thickness of 0.54 nm. Also, 
graphene films can be synthesized by reducing a monolayer graphite oxide film followed 
by annealing in an argon/hydrogen mixture [18]. However, the quality of graphene 
obtained by such chemical methods is low due to the incomplete removal of various 
functional groups. 

 

1.3 Chemical Vapor Deposited (CVD) graphene 

1.3.1 CVD synthesis  

One of the most prominent industrial methods for large-scale synthesis of graphene is 
chemical vapor deposition (CVD). Since 1976, this has been widely used for the synthesis 
of graphite samples [19], and the technique was later modified for the growth of 
graphene. CVD synthesis (Figure 1.2a) requires a mixture of carbon-containing gas such 
as methane (CH4) [20], [21], ethylene (C2H4)  [22], [23], or, the more recently used CO[24], 
followed by hydrogen (H2), and argon (Ar) at various pressures (from a few fractions of a 
millitorr to atmospheric pressure) (Fig. 1.2). Decomposition into carbon and components 
occurs on precursor substrates (such as nickel or copper) at temperatures below 400°C. 
Carbon atoms start getting deposited on the nickel substrate as the temperature 
increases, starting from 650°C. At temperatures above 800°C, carbon begins to diffuse 
into nickel. The heating is continued till a maximum temperature of 950-1000°C [25]. 
When cooled down to room temperature, the crystal lattice of the metal compresses 
carbon atoms to the surface (due to thermal compression) ). This leads to the formation 
of a graphite-like structure due to similar values of the lattice constant of nickel (or 
copper) and graphene. Large-scale graphene is routinely synthesized using CVD in 
laboratories and is being sold by several companies today across the world (Figure 1.2b).  
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Figure 1.2.  (a) Schematic diagram of CVD set-up for the synthesis of graphene using CH4 
and H2 (MFC: mass flow controller). (b) CVD graphene on a copper substrate from 
Graphenea Inc. 

1.3.2 Current state-of-the-art: nanoelectronics and spintronics 

Interest in graphene for electronic applications has grown due to its high mobility and 
unique mechanical properties, which make it a suitable candidate for transparent 
conductive films (TCFs) and implementation in the semiconductor industry. Indeed, the 
increased surface-to-volume ratio (compared to bulk materials) promotes the use of 
graphene as effective Hall sensors [23–25] and bio- or chemical sensors [29]–[32] with 
better performance than compounds based on III-V semiconductors. In practice, the 
fabrication of graphene-based sensors involves an encapsulation step realized by stacking 
Al2O3 [33], h-BN [34], etc. to protect against environmental contamination. 

Significant progress has been made in graphene nanoelectronics. The development of 
field-effect transistors based on graphene began simultaneously with its production. The 
first graphene field-effect transistor (GFET) was fabricated in 2004 on a SiO2/Si substrate 
[1], where a 300 nm thick silicon dioxide film served as the gate dielectric. The heavily 
doped silicon substrate acted as the bottom gate of the transistor, modulating the 
conductivity of the graphene channel. The first graphene-based top gate transistor was 
manufactured in 2007 [35]. Despite the reduction in electron and hole mobility compared 
to bottom-gate GFETs, top-gate GFETs could still compete with reliable mobility values. 
Besides, the resistive switching behavior mechanism due to charge trapping observed in 
GFETs allows the fabrication of transistor-based memory devices [36]. Further, the 
possibility of large-scale production makes CVD graphene a frontrunner as the basic 
material for nanoelectronics. The sensitivity of graphene to the choice of substrate and 
external conditions has been seen to have a large impact on the charge mobility values. 
Polymer-supported wet transfer or dry transfer methods are used for CVD graphene 



16 
 

transfer, and the transfer method can also have an impact on the electrical properties of 
graphene. The carrier mobility of graphene obtained on SiO2/Si substrate via polymer-
assisted transfer exceeds 7000 cm2V-1s-1 [37] at room temperature, whereas for graphene 
obtained on h-BN substrate, the value of the mobility exceeds 37000 cm2V-1s-1 at 4.2 K 
[38]. State-of-the-art mobility value of 3000000 cm2V-1s-1 was achieved in graphene at 
low temperatures by the combination of dry transfer and subsequent h-BN encapsulation 
(Figure 1.3a) [11]. Most of the commercially available large-scale CVD graphene 
demonstrate mobility values in the range of 2000 – 4000 cm2V-1s-1. These developments 
have allowed the observation of ballistic transport with the unimpeded motion of 
electrons in graphene, observed upto 1 µm at room temperature. In order to detect 
ballistic transport, current applies between two neighboring electrodes which causes 
voltage drop on opposite remaining contacts (as shown in Figure 1.3b). The estimated 
negative bend resistance (due to an out-of-plane magnetic field) is a signal of ballistic 
transport along the graphene channel.  Demonstrating such a regime is possible on a 
sample with high charge carrier mobility and concentration [39]. 

 

Figure 1.3. (left) Scheme of stacking graphene on hBN layer from copper foil. (right) 
Optical image of the device for ballistic transport measurements [11]. 

2D materials due to their atomically thin nature present new prospects for spintronic 
devices such as magnetic memory and magnetoresistive random-access memory  
(MRAM) [40], [41]. Due to the low spin-orbit coupling of light carbon atoms in graphene 
and negligible hyperfine interaction, graphene was proposed as a suitable material for 
the basic ferromagnet-nonmagnet-ferromagnet layer structure in spin-valve devices 
[42]–[45]. Long spin diffusion length (λ ~100 µm) and high spin lifetime (τ ~1 µs) in 
graphene were theoretically predicted in 2006[9]. A year later, spin transport in a 
graphene channel was demonstrated for the first time using a non-local measurement 
technique, with spin precession across a channel length of ~2 µm, thus, surpassing the 
capability of any other material (where spins travel ~100 nm) at room temperature [43]. 
Further, there was increased research exploring ways to enhance spin transport in 
graphene by improving the quality of contacts and graphene. The implementation of hBN 
as a tunnel barrier reveals efficient spin injection as well as graphene encapsulation with 
achieved values of spin diffusion length λs ~12 µm and τs ~2 ns at room temperature [46]. 
There has also been increased interest in polycrystalline CVD graphene that allows large-
scale device fabrication. Despite enhancements in device performance using special 
encapsulated structures [47], [48] and tunnel barrier implementation [49], routine 
devices based on CVD graphene grown on widely used substrates such as oxidized silicon 
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wafers still show values of λs ~1.5 μm and τs ~150-200 ps [50], [51]. Nevertheless, large 
values of λ up to 10 µm was observed in flexible CVD graphene spin circuit [52]. Despite 
the higher roughness of large-scale flexible polyethylene naphthalate (PEN) and imperfect 
graphene crystal structure, effective spin transport has been demonstrated in CVD 
graphene [12]. In fact, such system provide reasonably decent quality electrical 
transport[53], [54] and opportunities for new processing methods such as direct 
lamination[55]. In Table 1.1, we present a list of reports that display high-quality charge 
transport and spin transport in CVD-grown graphene. Thus, research in device physics has 
shown that CVD-graphene-based devices can demonstrate high field-effect mobility, 
ballistic transport, and high-quality long-distance spin transport. The realization of 
quantum electrical and spin transport in large-scale graphene can lead to applications in 
nanoelectronics and spintronics ranging from memristors, single-electron transistors, 
tunnel field-effect transistors, and graphene spin valves. As discussed later in this thesis, 
the properties of graphene are sensitive to adjacent materials and measurement 
conditions. Such modulation of properties can have new implications for developing 
unique interfaces in new graphene-based resistive switching and spintronic devices.
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Table 1.1 State-of-the-art charge and spin transport parameters obtained for CVD graphene: ballistic transport (ballistic mean free path λmfp) and spin 
transport parameters (spin diffusion length λsd, diffusion constant D, spin lifetime τ) including mobility (µ) and temperature (T). 

 System Ref. 
Mobility 

(cm2 V-1 s-1) 

Temperature 

(K) 
τ (ns) D (m2s-1) λ (µm) 

B
al

lis
ti

c 
tr

an
sp

o
rt

 

Single layer and bilayer 
graphene onto SiO2/Si 

substrate 
[56] 

1 400 (SLG) 

2 100 (BLG) 
5-250 - - λ SR = 1.35 

Few-layer graphene-hBN 
heterostructure 

[57] 20 000 300 - - λ SD = 10 

CVD graphene dry 
transferred onto h-BN 

flakes 
[58] 

µh=42 000 

µe=29 000 
4 - - λ ballistic = 1 

CVD bilayer graphene-h-
BN heterostructure 

[59] 
180 000 

40 000 

2 

300 
- - λ mfp = 2 

h-BN encapsulated single-
layer CVD graphene 

[60] 
70 000 

120 000 

300 

9 
- - 

λ mfp = 0.6 

λ mfp = 1 

CVD graphene/h-BN 
heterostructure 

[61] 
µh = 110 000 

µe = 145 000 
1.6 - - - 
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Sp
in

 t
ra

n
sp

o
rt

 

CVD 
graphene 

 

h-BN-stack [62] 18 000-21 000 300 - - 30.4 

Co/TiO2 [12] 2 000-3 000 300 0.260 0.0055 1.2 

Co/TiO2 [63] 2 000 4.2–300 1.2 0.026 6 

Co/MgO [64] 
1 400 (SLG) 

2 100 (BLG) 
5 - 300 0.18 0.007 1.1 

Co/TiO2 [65] 2 000 300 0.405 0.032 3.4 

Co/TiO2 [66] 1 700 300 3 0.028 9.2 

Co/h-BN [67] 850 4.2–300 0.260 0.0055 1.2 

Co/h-BN [47] 3 400 300 0.404 0.03 3.5 

Co/MgO/ 
h-BN 

[68] 20 000 300 2.2 - 1.75 

CVD bilayer 
graphene 

Co/Al2O3 [69] 24 000 300 5.8 - 26 
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1.3.3 Technological challenges in large-scale implementation  

The possibility to transfer graphene onto a substrate of choice, tuning charge carrier 
density via the back gate voltage as well as the low production cost are strong advantages 
of CVD graphene, which makes it preferable for large-scale fabrication. However, such a 
growth technique also gives rise to unwanted structural features such as wrinkles and 
grain boundaries. Besides, the transfer technique can induce defects in the monolayers 
including holes, cracks, and wrinkles. Despite this, commercially obtained CVD graphene 
(such as from Graphenea Inc.) with a polycrystalline structure has shown high-quality 
electrical and spin transport properties. The device fabrication process consists of several 
steps that introduce defects, impurities, and interfaces with other materials such as metal 
oxide layers, and require optimizations for high reproducibility. A major concern in device 
performance is related to deformation and structural modification due to interfaces, an 
understanding of which can lead to better control over the properties. Furthermore, the 
performance of the as-fabricated device varies with the number of operations. This 
means that we need to understand both fundamental issues and performance limits, 
critical to the exploitation of large-scale graphene for technology in 2D electronics and 
spintronic circuits. 

1.3.4 Understanding fundamental issues and limits 

The aforementioned high-quality developments (Table 1.1) in charge and spin transport 
have been realized in large-scale chemical vapor deposited (CVD) graphene, making it 
prospective for practical implementation in future quantum and spin-integrated circuits 
[70]. Metal oxide interfaces are essential to graphene nanoelectronics and spintronic 
applications, particularly for planar and vertical graphene spintronic devices [41], [71]. 
Ultrathin layers (~nm) of metal oxides serve as tunnel barriers offering optimum interface 
resistance to overcome the conductivity mismatch problem associated with electrical spin 
injection [49], [72], [73], which is necessary to reduce interface spin back-scattering. 
Titanium and aluminum oxides have been used as tunnel barriers in graphene spintronic 
devices, primarily due to their ease of deposition. Although ultrathin metal oxide layers 
can be directly realized using atomic-layer deposition (ALD) or sputtering techniques, 
these can lead to many defects, a source of short-range scattering [74], which makes 
them less compatible with spintronic device fabrication processing. Therefore, Ti or Al are 
first deposited using electron beam evaporation in graphene spin devices and are then 
oxidized with contact to air/O2. Earlier experimental observations have shown that while 
spin lifetimes ~1 ns and long spin diffusion lengths ~ 10 µm can be attained using TiOx 
barriers [63], [66], [75], the AlOx-based devices show lower spin lifetimes ~100 ps [43], 
[76], [77]. These earlier and more recent studies [78], [79] with AlOx barriers fabricated 
on graphene by sputtering as well as molecular beam epitaxy confirm this observation 
and attribute the lower spin lifetimes due to the formation of pinholes. On the other 
hand, extremely long-distance spin communication and ultimate spin currents have been 
achieved even in commercially available graphene with mobility µ ~2000-3000 cm2V-1s-1 
using titanium oxide tunnel barrier contacts[75]. Given the different responses of 
different metal oxide layers, understanding the intricacies of metal oxide-graphene 
interfaces requires more in-depth study and analysis.  

Apart from investigating the behavior of graphene/metal oxide interfaces in a normal 
operating regime, it is also necessary to explore the sustainability of graphene-based 
devices. Knowing the stability and performance of graphene nanodevices under the 
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influence of high currents is crucial for their use in spin transport applications. 
Mechanically exfoliated few-layer graphene nanoribbons from Kis graphite have shown a 
breakdown current density of the order of ~108 A/cm2 [80]. A similar result was reported 
for bilayer graphene under current stress with a breakdown current density of ~108 A/cm2 
[81]. However, these reports are for graphene samples produced from highly oriented 
pyrolytic graphite, which have size limitations and are not suitable for large-scale 
applications. As discussed before, for large-scale applications, CVD graphene is a 
promising candidate. Studies on CVD graphene under current stress report a breakdown 
density of ~4 × 107 A/cm2 [82]. However, there is a lack of sufficient evidence of the actual 
current-carrying capacity of monolayer CVD graphene.  

Solving interface-related issues and determining its ultimate capabilities are fundamental 
research problems for unleashing the full potential of CVD graphene for applications. 
Understanding the effects of oxidation, charge transfer, and defect formation in 
graphene-metal oxide layers is essential to control and enhance the performance of 
graphene nanoelectronic and spintronic devices. Moreover, such insights will allow new 
applications of graphene in memristive devices. An increase in current densities and 
thermal stress of interconnects due to device miniaturization and circuit size reduction 
bring in new challenges for integrated circuit designs that need to be resolved.
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Chapter II                                                 
Experimental methods 
In this chapter, we will discuss the experimental methods employed to characterize 
graphene samples, fabricate devices, and perform electrical measurements in graphene-
based devices. In this work, we have utilized CVD graphene as the starting material, which 
was characterized spectroscopically by Raman spectroscopy to determine the quality of 
graphene, defect density, and doping type. To determine the sp3-sp2 bonding and metal 
oxidation states, we employed X-ray photoelectron spectroscopy. Nanodevices of CVD 
graphene were fabricated by photolithography, reactive-ion-etching, electron beam 
lithography, and metal evaporation techniques followed by the lift-off technique. Finally, 
electrical characterization of contacts and channels was performed by dedicated three-
probe and four-probe direct current transport measurements. Measurement 
configurations and regimes of electrical measurements, and associated analysis are also 
elaborated. 

 

2.1 Characterization techniques  

2.1.1 Optical characterization 

Each step in the fabrication process requires verification using optical microscopy. The 
optical characterization was done using a Nikon Eclips L200ND optical microscope in the 
cleanroom. Optimum contrast was achieved by filter under the x50 and x100 objectives 
and atomically thin graphene can be imaged on SiO2 (280 nm)/Silicon substrate due to 
Fabry–Perot interference conditions. 

2.1.2 Raman spectroscopy 

The most informative and non-destructive method for studying carbon-based materials 
is Raman spectroscopy. Raman spectrum gives the finger print of carbon-based 
nanomaterials such as graphite, carbon nanotubes, and graphene. The Raman effect 
consists of elastic and inelastic scattering of incident rays when an object is irradiated 
with monochromatic optical radiation. The spectra are very sensitive to the nature of 
chemical bonds - both in organic molecules and polymeric materials, as well as in 
inorganic crystal lattices and clusters. Apart from its non-destructive nature, Raman 
spectroscopy enables the possibility for non-contact quality analysis and no need for 
sample preparation such as transfer to the specific substrate or fabricating a protective 
layer. It provides information about changes in the structure after manipulations like 
doping or defects. 

Due to the linear dispersion dependence of the electron energy near the K and K' points 
of the Brillouin zone for graphene, the Raman scattering effect is resonant at any optical 
excitation. The choice of laser wavelength for the study of nanocarbon materials is a key 
factor since the graphene samples of interest are usually microscopic. In addition, there 
is the influence of the substrate. The most common substrates are Si and SiO2, which can 
exhibit fluorescence with near-infrared (NIR) lasers such as 780 and 785 nm. To prevent 
peak overlap, visible lasers are generally recommended, usually a laser with a wavelength 
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of 633 or 532 nm [83]. In addition, the laser power needs to be monitored and adjusted 
in small steps. In this way, temperature effects can be controlled, and the Raman signal 
can be maximized, avoiding heating or damaging the sample. 

In a typical Raman spectrum of graphene, there are 3 peaks: 2D, G, and D peaks (Figure 
2.1). Graphene is usually characterized by one sharp and symmetrical peak in the 2D 
band, which makes it different from other carbon-based nanomaterials. Despite their 
simplicity, the spectra of graphene contain a large amount of information about the 
quality and the microstructure of the sample. That information is usually extracted from 
the position of the characteristic peaks, the shape of the peaks, and their intensity (or 
relative intensity).  

The information that can be extracted from the Raman spectra of graphene is 
summarized below: 

o The G-band is generally located near 1582 cm-1 and characterizes graphene in 
the plane of the sp2 vibrational mode - this parameter reflects the degree of 
crystallization of the material. This peak is observed in various carbon-based 
compounds such as amorphous carbon, glassy carbon, graphite, as well as 
graphene. Besides, the position of this peak is sensitive to doping. The 
sensitivity of the G peak to the type of conductivity of graphene and carbon 
nanotubes is related to the adsorption of electron-donating and accepting 
molecules as a shift in frequency.  

o The D-band is usually located near 1350 cm-1 and reflects the degree of 
structural disorder near the edge of the microcrystalline structure, which 
reduces the symmetry of the structure. The ratio of the intensities of the Raman 
peaks of the two bands (ID/IG) can be used to estimate the degree of disorder 
of the material[84] and to calculate the concentration of defects in the material. 
The absence of the D-band indicates the superior quality of the sample. 

o The 2D band is near 2700 cm–1 (depending on the wavelength of the excitation 
source) and relates to the number of graphene layers in the material[85].  

 

Figure 2.1. Typical spectrum of CVD graphene showing G and 2D band with absent D band 
for high-quality sample. Each band has the following explanation of excitation in 
reciprocal space. 
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o For qualitative analysis, the 2D to G peaks ratio is used; for monolayer 
graphene, the ratio is  ≥ 2, which is seen in high-quality chemical vapor 
deposited (CVD) graphene. Although CVD growth results in polycrystalline 
graphene with a large number of grain boundaries, the 2D to G peak intensity 
ratio is about 2, and the presence of a defect peak (D-band) is not observed. 

o The peak intensities ratio of the D band to G band (ID/IG) is inversely 

proportional to the crystallite size (La) of the graphene sample, i.e.,  
𝐼𝐷

𝐼𝐺
~

1

𝐿𝑎
 [86]. 

o A remarkable feature of the Raman spectrum is the strong dependence of the 

ID/IG ratio on the laser excitation energy 𝐸𝑙 used in the experiment, i.e.,  
𝐼𝐷

𝐼𝐺
~𝐸𝑙  

[87]. Therefore, to ensure that any changes in the peak intensity ratio are only 
due to changes in the sample, we have kept the laser excitation energy constant 
for all Raman experiments. 

2.1.3 X-ray Photoelectron Spectroscopy (XPS) 

X-ray photoelectron spectroscopy (XPS) is one of the widely used techniques to study the 
surface and interfaces of materials. Here, 2D material especially graphene provides an 
opportunity for XPS due to atomic thickness limitations. In particular, for graphene and 
other 2D materials, it has been utilized successfully to estimate the elemental 
composition, chemical and electronic state of atoms on the surface. XPS is based on the 
photoelectric effect (described in 1905 by Albert Einstein). The escape of an electron from 
the surface of a material to a free-electron-like state is governed  by the energy 
conservation law: 

 𝐸𝑏𝑖𝑛𝑑𝑖𝑛𝑔 = 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 − (𝐸𝑘𝑖𝑛𝑒𝑡𝑖𝑐 + ф), (2.1) 

where Ebinding is the binding energy of the electron measured relative to the chemical 
potential, Ephoton is the energy of the incident X-ray photons applied in an experiment, 
Ekinetic is the kinetic energy of the electron as measured by the instrument, and ф is a work 
function-like term for the specific surface of the material, which in real measurements 
includes a small correction to account for the instrument's work function because of the 
contact potential.  

 

Figure 2.2. Schematic representation of an XPS system. 
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The procedure of measuring XPS spectra includes irradiation of the graphene sample with 
an X-ray beam and the recording of the dependence of the number of emitted electrons 
as a function of their binding energy. Electrons are emitted over the entire penetration 
depth of the soft X-ray radiation used in the study (Figure 2.2). However, due to the strong 
absorption of the emitted electrons by the bulk material under study, XPS provides 
information only about the uppermost (approximately 10–30) atomic layers of the 
sample.  

 

Figure 2.3. Typical X-ray photoelectron spectrum of graphene. 

A typical X-ray photoelectron spectrum of graphene on Si/SiO2 is presented in Figure 2.3, 
where peaks can be fitted to determine the composition and states of graphene and 
stacked materials. For defect estimation, the C 1s spectra were calibrated and fitted with 
a set distance of 0.7 eV between sp2 (284.4 eV) and sp3 (285.1 eV) peaks [1]. The binding 
energy of the O 1s spectrum for the pristine graphene sample was calibrated with the 
SiO2 component at 533.1 eV, as this sample showed some charging during XPS 
measurement [2]. Further, the investigation of ultra-thin TiOx and AlOx on graphene 
requires estimation of stoichiometry using the equation: 

 I=n⋅SF, (2.2) 

where I is the intensity of peak, n is atomic concentration, and SF is the sensitivity factor. 
The sensitivity factors are acquired from the overview spectra using the software 
Multipak. 

2.1.4 Atomic Force Microscopy (AFM) 

Atomic force microscopy (AFM) is widely used to obtain atomic resolution topographic 
images of samples by a sharp tip (a sharpened cantilever) that is brought close to a sample 
(Figure 2.4). Thus, atomic forces are used to map the tip-sample interaction at a 
subnanometer distance (shown in the Force-distance curve in Figure 2.4). As a result, the 
tip scans over a surface using a feedback loop to adjust the parameters needed to image 
a surface. There are two modes of operation. The first mode consists of moving the probe 
keeping the tip-sample distance unchanged. Changing the distance between the tip and 
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the sample surface gives a change in the interaction force between the sample and tip. In 
the second mode, the force value is kept constant, and the height position of the tip 
changes. As the tip gets closer to the surface, increasingly repulsive force takes over and 
causes the cantilever to move away. The position of the plate is recorded using electrical 
and optical methods. Scanning is carried out by non-contact methods and by contact 
when the probe is at a distance of 5-15 nanometers. The vertical position (z-ax) is 
controlled by an interference pattern produced by a laser beam. Positioning and scanning 
(x-y plane) of the surface are carried out by electric motors and detectors. These 
techniques are extremely useful to both characterize graphene morphology and the 
roughness of the evaporated materials on top of it, as we used it in our work. 

 

Figure 2.4. Schematic diagram of an atomic force microscope (AFM). 

2.2 Device fabrication  

For all basic electrical characterization of graphene and graphene/metal oxide interfaces, 
one type of device was fabricated, which consists of a graphene channel, six contacts 
deposited on it, and a back gate electrode. The multiple contacts allow for measuring in 
2T, 3T, and 4T configurations by applying a gate voltage and gives us more freedom to 
use different channels on a single device (Figure 2.5a). 

The fabrication starts with the patterning of the back gate electrode on a 4-inch silicon 
wafer (Si p/n doped (500 µm) covered with SiO2 (285nm)). After cleaning the wafer with 
the acetone, hexamethyldisilazane (HMDS) primer and S1813 resist were spin-coated on 
the top side of the silicon wafer to protect the top side.  HMDS primer is widely used to 
promote the adhesion of graphene to silicon surfaces. Next, the substrate was dipped in 
buffered HF solution to etch silicon dioxide from the bottom layer. The buffered 
hydrofluoric acid (BHF) (or buffered oxide etch (BOE)) etches approximately 0.8 µm SiO2 
in 10 min. For the 285 nm oxide layer, the substrates were dipped in BHF for at least 3 
min 40 sec, followed by rinsing with bubbled water for 1 min. The metals were then 
evaporated onto the bottom layer using e-beam evaporation in the following multilayer 
structure: Ti (5 nm)/Cu (50 nm)/Au (10 nm). Next, the spin-coated resist and primer were 

removed using acetone at 70C. After this step, the wafer was sent to Graphenea.Inc for 
transfer of the entire top surface of the wafer with polycrystalline CVD graphene grown 
on Cu. After receiving the wafer back from Graphenea, we spin-coated the S1813 resist 
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to protect the graphene and we used the dicing saw to cut a 4-inch silicon wafer into  ~ 
0.5 cm2 sized chips.  

On this chip, we fabricated 50 devices (an image of one device is in Figure 2.5b). Optical 
lithography is an optimal and less time-consuming tool to fabricate arrays of graphene 
channels. First, the chip was cleaned in acetone solution for 7 min at 70oC to remove the 
resist which protected the graphene during the dicing process, and rinsed with 
isopropanol alcohol (IPA). Next, photo-resist S1813 was spin-coated (60 sec – 3000 rpm – 

1000 rpm/s) and baked at 90 C for 120 s. The following two steps are required for optical 
lithography: removing resist completely at the edges and forming the channel. To remove 
the edges a square shape physical mask was used for 50 s of exposure time in soft contact 
mode because it does not require high precision. The alignment was made using an 
optical microscope on marks evaporated during the wafer preparation step. The 
developing process was performed using solution Microposit 351 Developer and water 
(1:4) for 50 s and in water (1 min). To form channels, the shadow mask consisted of 50 
stripes with a width of 5 μm and length of 40 μm. The developing process was the same 
as the one used for removing the edges. The chip was then etched in a vacuum chamber 
using RIE to remove organic leftovers by oxygen plasma treatment (50W, 45 sccm) for 55 
s. The final step of channel formation was cleaning the substrate using hot acetone. 

There are several important requirements for electrodes. Since the devices are meant to 
be used for charge and spin transport measurements, the width of contacts on top of the 
graphene channel is narrow 150-250 nm connected with big square electrodes 150 μm 
×150 μm in size. To achieve such resolution, electron beam lithography (EBL) with 80 keV 
was used for fabricating patterns. There are two typical EBL resists, MMA EL 9 and ARP, 
which were spin-coated (60 sec – 6000 rpm – 1000 rpm/s) and subsequently baked at 

135C for 10 min. Two layers allow making a sharp-cut of patterns with different widths 
to allow easier lift-off.  An e-beam exposure was carried out to expose the desired 
patterns, square electrodes exposed at low current (0.7 nA) and electrodes at high current 
(3.5 nA). Finally, the patterns were developed in hexyl acetate (33 s), MIBK/IPA (1 min 15 
s), and IPA (1 min). In the next step, electrodes consisting of a multilayer structure of (TiOx 
(0.8 nm)/ Co (60 nm)/ AlOx (3 nm)) were deposited using the standard e-beam 
evaporation method on the developed pattern. After the evaporation, a gentle lift-off 
process in hot acetone was performed. For devices using SiO2/Si as substrate, electrical 
connection is usually made by wire bonding. All fabrication steps described in this section 
are presented in Figure 2.6. 

 

Figure 2.5. (a) Schematic of the graphene-based device on Si/SiO2 substrate with 
multilayer contacts [TiOx (0.8 nm)/ Co (65 nm)/ AlOx (5 nm)].  (b) Optical image of CVD 
graphene on SiO2/Si substrate with Co/TiO2 tunnel contacts.



28 
 

 

 

Figure 2.6. Schematic illustration of fabrication process and device architecture for graphene-based devices.  
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2.3 Electrical characterization  

2.3.1 Basic I-V characterization 

The I-V curve (or current-voltage characteristic curve) is a graphical representation of the 
relationship between the applied voltage across an electrical device and the current 
flowing through it. The I-V curves are widely used to ascertain the functionality of a device 
as well as basic material properties.  Different measurement configurations yield different 
shapes of the I-V curves, as explained below.  

Two-terminal (2T) measurements 

The first electrical characterization of the measurements was performed with 2T 
measurements, where only two contacts of the device are connected to the current 
source and voltmeter (Figure 2.7a). Such configuration allows us to choose the working 
contacts. However, this method is not appropriate to extract reliable device parameters. 
This is because, in 2T measurements, the effect of contact resistance is also included. If 
we assume that the voltage drop across both graphene-contact interfaces is similar, then 
the measured voltage drop (V) is given by: 

 𝑉 = 𝑉𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 2𝑉𝑐𝑜𝑛𝑡𝑎𝑐𝑡 = (𝑅𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 + 2𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡)𝐼, (2.3) 

where 𝑅𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 =
𝜌𝐿𝑐ℎ

𝑊𝑐ℎ
 is graphene resistance (𝜌 – resistivity, Lch – channel length, Wch 

– channel width) and 𝑅𝑐𝑜𝑛𝑡𝑎𝑐𝑡 =
𝜌𝑐

𝐴
 is contact resistance (𝜌𝑐  – contact resistivity, A – 

area under the contact). In the resulting I-V curve, we can see a combination of linear 
and tunneling behavior (Figure 2.7b).  

Three-terminal (3T) measurements 

To characterize the graphene-metal interface, 3T configuration is used. Here, two 
contacts are connected to the current source and voltmeter each, with only one contact 
being connected to both (Figure 2.7c). The main difference with the 2T configuration is 
that there is only one common contact in the 3T configuration. In our devices, the 
graphene is in contact with TiOx (0.8 nm)/Co (65 nm). The ultra-thin metal oxide layer 
(TiOx) is introduced in the graphene-metal interface to improve the performance of spin-
valve devices by decreasing conductivity mismatch between the layers. However, 
tunneling behavior still exists in the I-V curves recorded using 2T and 3T measurement 
configurations, which can be understood in terms of metal-semiconductor contact in 
thermal equilibrium.  
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Figure 2.7.  Measurement set up for graphene-based device in 2-, 3- and 4-terminals 
configurations and the corresponding I-V curves. 

The tunneling behavior is based on the potential barrier between metals and 
semiconductors (Figure 2.8a). Since metals and graphene do not have a bandgap, it is 
characterized by the value of its work function (φM and φGr, respectively). On the other 
hand, the energy difference between the Fermi and vacuum level (conduction zone) for 
semiconductors is described in terms of electron affinity (χ) and workfunction of 
semiconductors (φS). When two materials are close enough to each other 
(semiconductor-metal or graphene-metal), they start to reach thermal equilibrium so 
their Fermi levels are aligned (Figure 2.8a,b). Charge carriers will then flow from a high-
energy state to a low-energy state, in this case, from the metal to the semiconductor. 
Under equilibrium, charges can move in both directions. In the case of applied forward 
bias, the flow of electrons from the semiconductor becomes more dominant. On applied 
reverse bias, barrier height increases, and only electrons with energy higher than the 
potential barrier (φB) can flow from the semiconductor to the metal. 
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Figure 2.8. (a) Energy-band diagram for the metal-semiconductor junction. (b) 
Representation of metal and graphene before contact l and after contact with aligned 
Fermi levels.  

The I-V curve of the graphene-contact interface consists of two parts: the Ohmic part 
originating from the graphene channel (linear regime) and the nonlinear part can 
originate from the Schottky diode (non-linear regime) (Figure 2.7d). Originally, the 
Schottky diode is based on a metal-semiconductor interface; in our case, instead of a 
semiconductor, we have a semimetal (graphene). Since graphene is sensitive to the 
environment and substrate, and CVD graphene is polycrystalline, therefore the electrical 
properties can vary from one to another device channels. The heavily electron-doped 
nature of the graphene channel was observed in our devices. This leads to an upward shift 
of the Fermi energy. The difference between the Fermi levels of the metal contacts and 
graphene is accommodated by a charge transfer region. For spin transport devices, 
creating spin polarized electrons becomes more efficient by introducing a layer of ultra-
thin metal oxide to inject charge carriers from the bulk metal to the two-dimensional 
material (graphene). Here the non-linearity arises from the tunnel barrier shape at high 
bias across the barrier, as the transition takes place from direct tunneling to Fowler-
Nordhiem tunneling [88]. The metal oxide layers are also known to impact the properties 
of graphene, which will be discussed in Chapters III and IV. 

Four-terminal (4T)  and cycling measurements 

The channel resistance can be accurately measured by a 4-terminal configuration (Figure 
2.7e). The problem of contact resistance is eliminated here by having different contacts 
for the current source and voltmeter. Using simple Ohm’s law 

 𝑅𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 =
𝑉

𝐼
, (2.4) 

where 𝑅𝑔𝑟𝑎𝑝ℎ𝑒𝑛𝑒 is graphene resistance, V is voltage drop between the two voltage 

terminals and I is current, we can estimate the resistance of the as-fabricated graphene 
and also after manipulation on the graphene channel (Figure 2.7f).  
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Another informative measurement is cyclic 3T and 4T measurements, where, I-V curves 
are recorded in cycles by varying the maximum current in steps. This is discussed in detail 
in Chapter III. 

2.3.2 Gate-dependent measurements and analysis 

Gate-voltage-dependent transport measurements are a common technique to measure 
the performance of transistor-type devices. Changing the voltage VG at the gate electrode 
makes it possible to control the concentration of current carriers. Since the Fermi level in 
graphene is directly proportional to the gate voltage applied to the material, therefore 
transport measurements allow us to determine the position of the Fermi level by 
recording the Dirac curve, where electrons and holes reside on a two-dimensional Dirac 
cone. The measurement configuration is similar to the 4-terminal configuration, but the 
current was kept constant, and the gate voltage sweeps in between -100 V to 0 V (Figure 
2.9a,b).  

 

Figure 2.9. (a) Graphene-based device for gate-dependent measurements. (b) Gate-
dependent conductance (σ) versus gate voltage (VG) exhibits the Dirac curve for the 
device, regions related to electron and hole-type conductivity for Dirac point position. 

A typical plot showing the variation of conductance (σ) as a function of the gate voltage 
(VG) is shown in Figure 2.9b. The mobility of the charge carriers is an important parameter 
characterizing graphene channels and can be extracted from the slope of a transfer curve 
(Figure 2.9b) using the following equation:  

 µ =
∆𝜎

∆𝑉𝐺

𝐿𝑐ℎ

𝑊𝑐ℎ

1

𝑒𝐶𝑜𝑥
, (2.5) 

where σ is the conductance, VG is the applied gate voltage, Lch and Wch are the length and 
width of the graphene channel, and Cox = 1.211 × 10-8 F/cm-2 is the capacitance per unit 
area of the SiO2 layer. 

The minimum conductivity σmin is a limit below which the conductivity of graphene cannot 
decrease, even for zero charge carrier concentration. 

Analysis of the effects of doping and defect concentration variation is an essential part of 
this thesis, where we have attempted to elucidate the impact of the quality of the sample 
on the electrical properties of graphene. Since the Fermi level is sensitive to the applied 
gate voltage, therefore, the shift in the Dirac point depends strongly on the doping 
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concentration. The defect concentration can be quantitatively estimated based on the 
Drude model and Matthiessen’s rule. According to Matthiessen’s rule, the effective 
mobility of the samples is due to long-range Coulomb scattering, short-range resonant 
impurity scattering, and phonon scattering:  

 
ρ = ρCoulomb + ρphonons + ρs. 

(2.6) 

Considering the fact that the mobility in our samples is not limited by phonons, the 
change in mobility can be attributed to long-range Coulomb or resonant impurity 
scattering and short-range scattering due to weak point disorders[89]:  

 
σ = (

1

neμL
+ ρS )

−1
, (2.7) 

where  σ – conductance, 

             n – charge carrier concentration, 

             µ - field effect mobility, 

             ρS  - resistivity of scattering centers. 

As we have observed non-linear dependence of the conductivity, this deviation is 
associated with the density of impurities and it can be fitted using the equation:  

 σ = 20
e2

h

n

nimp
 [90], (2.8) 

where σ – conductance,  

            e – elementary charge, 

            h – Planck constant, 

            n and nimp – charge carrier and impurities concentrations, 

while we also include ρS  in the equation to account for possible defect scattering. 
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Chapter III                                                           
Impact of metal oxides on graphene 
Graphene electronic and spintronic devices widely employ metal oxide ultrathin films that 
serve as tunnel barriers and gate oxide layers. The presence of such metal oxide layers can 
impact the properties of graphene and doping levels, interface bonding, and related 
performance. In this chapter, we will discuss how two widely used oxide interfaces of AlOx 
and TiOx impact graphene distinctly [Paper I]. Furthermore, how unique aspects in 
AlOx|grapheneinterfaces can have implications for spintronics and nanoelectronic device 
performance. 

 

3.1 Significance of metal oxides in graphene electronics and 
spintronics 

Fabricating efficient graphene electronic and spintronics devices requires a conscious 
choice of materials, especially for those in direct contact with the graphene surface. Metal 
oxide layers (such as ultra-thin AlOx, TiOx, and HfO2) are widely implemented in graphene 
nanoelectronic and spintronic devices as a gate oxide and tunnel barrier interfaces. 
Transistors require the deposition of dielectric layers on top or bottom of the graphene 
for efficient electrostatic control of the channel and better device reliability[91]. 
Graphene field-effect transistors (GFETs) employ different metal oxide dielectrics as gate 
layers [92] or the semi-insulator gate dielectric [36], which make metal oxides key 
ingredients for graphene electronics. In addition, metal oxide interfaces with 2D materials 
can serve as a promising means for thin-film memristive devices even on flexible 
substrates [93] for practical imitation of synaptic activities. The 2D material-based vertical 
RRAM structures use AlOx and TiOx as resistive switching layers sandwiched between 
graphene and pillar electrodes [94], [95]. The memristive effect in the graphene/metal 
oxide interface is described by the linearity of the current flow with the ensuing trap-
controlled space-charge-limited current (SCLC). Thus metal oxides with 2D materials have 
a wide prospect for 2D neuroelectronics. Furthermore, in graphene spintronics, metal 
oxide interfaces are important to both graphene planar as well as vertical structural 
components [41], [71]. For example, ultrathin layers (~nm) of the metal oxides serve as 
tunnel barriers in spintronic devices offering optimum interface resistance to overcome 
the conductivity mismatch problem associated with electrical spin injection [49], [72], 
[73], which is necessary to reduce interface spin backscattering [96]. Despite the diversity 
of applications, it is not completely clear how metal oxides interface with graphene. Even 
though such oxides can induce charge transfer into/from graphene, to what extent these 
bring changes in the electrical properties of graphene, and how in particular, the oxide 
layers affect the spin relaxation in graphene is not established. Evaluation of response 
from different oxides shows that graphene with hafnium oxide compared with aluminum 
and titanium oxides has the best performance in terms of both cut-off frequency and 
maximum frequency of oscillation. That represents a promising solution to obtain the 
best compromise in terms of both contact resistance and field-effect mobility [92]. In this 
chapter, we discuss the impact of widely used oxides in graphene spintronics on the 
electronic properties of graphene.  
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3.2 Impact of metal oxides on graphene 

3.2.1 Charge transfer doping mechanism in graphene|metal oxide 
interfaces 

Distinct from the classical (substitutional) doping process, the "charge transfer layer" is 
used as a platform for adding or withdrawing electrons from graphene. Surface charge 
transfer doping is a highly efficient, uniform, and non-destructive doping method that 
reliably dopes 2D materials such as graphene. Charge transfer across any metal 
interfacing with graphene arises due to the difference in the work function of the metal 
relative to the carbon atom. To understand the doping mechanism on graphene, the 
concept of equalization of energy levels between graphene and a surface dopant is used. 
To describe p-type doping, the dopant energy level locates at higher energy than the 
valence band of the semiconductor in the energy diagram. The energy difference drives 
electrons from the valence band maximum (VBM) of the graphene cone to the lowest 
unoccupied molecular orbital (LUMO) surface dopant level when the materials are close 
enough (Figure 3.1). This process is similar to thermal equilibrium. However, in this model, 
there is not only the transition of electrons but the shift of the electron density from the 
graphene to the doping agent. Thus, the graphene surface acts as an electron donor to 
the dopant in this process. Similarly, in this diagram for the dopant, the work function of 
the metal, the energy diagram of metal oxides, and gas molecules can be considered. And 
the greater the difference, the more graphene doping occurs. 

 

Figure 3.1. Schematic diagram of mechanism before and after p-type surface transfer 
doping. 

For example, Ag and Cu, having a work function of 4.4 and 4.24 eV, respectively, manifest 
themselves as n-type dopants with charge separation at the metal-graphene interface, 
while the reverse is the case with Au with a work function of 5.2 eV [97]. Theoretical 
calculations also showed that for such metals, the Fermi level shift (n or p-type doping) 
also depends upon the layer thickness [98]. Unlike metals, the situation is not entirely 
clear when it comes to tunnel barrier oxides such as TiOx or AlOx on graphene. DFT 
calculations showed that the interaction between graphene and metals is weaker for Ti 
than for Al. The Ti-donated electron charge density is highly localized around the 
interacting carbon atoms. Besides, titanium does not show the tendency to form clusters, 
contributing to the uniform distribution on the graphene surface [99]. The redistribution 
of electron density after oxidation is not fully understood, even from a theoretical 
perspective. From the experimental point of view, although the ultrathin metal oxide 
layer can be directly realized using atomic-layer deposition (ALD) or sputtering 
techniques, these can lead to many defects, are a source of short-range scattering [74], 
and are less compatible with spintronic device fabrication processing. Therefore, in 
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graphene spintronic devices, Ti or Al are deposited using electron beam evaporation and 
are oxidized with contact in air/O2. This makes it extremely important as well as intriguing 
to understand the modification after oxidation and how it affects the charge transfer in 
general at graphene-metal oxide interfaces. 

3.2.2 Electrical characteristics in graphene covered with metal 

oxide 

To understand charge transfer in graphene with deposited TiOx/AlOx (excluding the 
impact from contacts), we performed gate-dependent electrical 4-probe measurements 
( Dirac curves) on graphene devices with multiple contacts before and after the ultrathin 
(~nm) layer deposition of the metal oxides layers. As shown in Figs 3.2a-b, for both oxide 
layers, the charge neutrality point (CNP), i. e. the Dirac point (VD) shifts towards the 
positive gate voltage region. Such a shift suggests that both these metal oxides cause a 
downward shift of the Fermi level in graphene, implying p-type doping. It is worth noting 
that the VD shift is significant even with the ultrathin (~nm) layer, and the interface trap 
density of energy states for acceptor shows an effect by both types of oxides, as 
evidenced by the shift in VD.  Despite the huge variation in VD (i.e., p-type doping), both 
oxides-overlaid graphene samples show reasonably good values of sheet conductance 
(σ0), and mobility (µ) sustained moderately small changes (similar or ~10% for most of the 
devices) from pristine graphene devices to graphene|oxide devices. 
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Figure 3.2. Electrical characteristics modification for graphene devices with AlOx and TiOx 
layers. Gate-dependent conductivity (in units of quantum of conductance e2/h) versus 
gate voltage (VG) Dirac curves for the devices with graphene before (grey curve) and after 
(orange/brown curve) deposition of (a) AlOx and (b) TiOx. The dashed lines are provided 
here to guide Dirac point broadening. (c)–(j) summary of Dirac point location (VD), and its 
shift (VD shift), field-effect electron mobility (µ), sheet conductance (σ0) for pristine 
graphene (dark square), and AlOx and TiOx (colored diamond) deposited devices.  
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Our electrical measurements, together with complementary experiments (discussed in 
paper-I) reveal that a doping ~1012 cm-2 is primarily due to surface charge transfer 
between the oxide layers and graphene for most devices, and oxide layer coverage can 
dope graphene without drastically altering its electrical performance.  

Defects in graphene affect charge and spin transport properties significantly, due to long-
range Coulomb scattering from charged impurities [100] and short-range defect 
scattering [101]. Using the equation: 

 𝜎 (𝑛) = 𝐶𝑒 |
𝑛

𝑛𝑖𝑚𝑝
| + 𝜎𝑟𝑒𝑠 , (3.1) 

where, C = 5 × 1015 V-1s-1, e is the electronic charge and 
𝜎𝑟𝑒𝑠 is the residual conductivity, we estimated the 
charge impurity density[100] (see Figure 3.3) with a 
variation ∆𝑛𝑖𝑚𝑝 ~ 5-20 × 1011 cm-2 for both oxides, 

which is up to an order higher than the sp3 defect 
density that we estimated in Raman spectra (see next 
section). We, therefore, believe that, as widely 
observed, the mobility in graphene is limited by the 
long-range coulomb scatterers, while the sp3 defects 
partially contribute to the observed 
electrical parameters. 

 

 

3.3 Spectroscopic study of graphene|metal oxides 

A deeper investigation can be pursued by XPS which allows for studying the oxidation 
states, and sp2 and sp3 carbon ratio in element analysis. The overview spectra as well as 
the C 1s range is presented in Figure 3.5a and b. The composition of the aluminum oxide 
and titanium oxide films is determined by fitting the overview spectra and comparing the 
O 1s peak intensity for pristine graphene and graphene with each metal oxide film. The Ti 
2p and Al 2p spectra are used as well to estimate the composition of the respective oxide 
film. The Al 2p spectra show binding energy of 75 eV, suggesting that the deposited film 
is Al2O3 [102]. The O 1s spectrum for the AlOx sample is symmetrical and has binding 
energy that corresponds to that of metal oxide as well as silicon oxide. The peak of Ti 2p 
shows binding energy of 459 eV for the Ti 2p3/2 core level. This suggests that titanium 
has an oxidation state of 4+ which means that titanium forms TiO2[102]. From the 
intensities of Ti 2p and O 1s in the overview spectra, the composition of the film can also 
be estimated. This implies that both metals are nearly fully oxidized. 

 
  Figure 3.3. Charge impurity 
density estimated by fitting the 
Dirac curves  using the equation 
3.1 
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Figure 3.5. (a) Overview of XPS spectra of pristine graphene and graphene with AlOx/TiOx 
layer on top and (b) C 1s spectra used for fitting. 

The C 1s spectra (Figure 3.5b) are used to compare the relative sp2 and sp3 contribution 
to the peak, as fitted with a set distance. The pristine graphene sample shows a larger sp2 
contribution than the two samples with metal oxide on the graphene surface. As defects 
are introduced by depositing metal oxide on the graphene surface, the sp2/sp3 ratio 
decreases. A larger proportion of sp3 is observed for the sample with AlOx than for the 
sample with TiOx. 

Considering that new defects are introduced in the graphene by the metal oxides, we find 
that the sp3/sp2 ratio for the Gr-TiOx is of the same order as pristine Gr, but nearly one 
order larger for Gr-AlOx. This suggests that Gr-AlOx significantly induces sp3-defects, which 
qualitatively corroborates the strong emergence of the D peak in the Raman spectrum. 

Table 3. Binding energies and intensities of fitted C 1s spectra and sp2/sp3 ratio. 

 Graphene  Graphene/AlOx  Graphene/TiOx  

 Eb (eV)  I (Area) Eb (eV)  I (Area) Eb (eV)  I (Area) 

C 1s – sp2  284.56 78 284.74 13 284.66 26 

C 1s – sp3 285.26 42 285.44 57 285.36 41 

sp3/sp2 ratio  0.54 4.35 1.56  

Inf. depth 6.3 nm 7.4 nm 7.8 nm  

Additionally, surface carbon bonded to oxygen can have binding energies around those 
of sp3-carbon  [103] – in the case of Gr-TiOx, the component marked Q at 285.1 eV must 
consist of any sp3-defects in the graphene and such surface carbon. However, in the case 
of Ti deposits, the surplus intensity at the sp3-binding energy position has been observed, 
also observed in pristine graphene, albeit much lesser than Al-oxide layered graphene. 
Since it is observed for pristine graphene also, the Q peak can be attributed to carbon 
elsewhere in the system. Furthermore, considering the performance with TiOx barriers, 
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this does not necessarily arise from the sp3 hybridization of the graphene lattice. In fact, 
keeping in mind that with a large 100 μm X-ray probe diameter, a significant sp3-
contribution can originate from the PMMA resist residues intrinsic to the CVD graphene 
transfer process (similar to the pristine graphene background sp3). This can be avoided by 
MicroRaman characterization. Especially, to study defects in graphene/metal oxide 
samples, the graphene channel can be probed by micro-Raman spectroscopy. Fig. 3.4 
summarizes the Raman spectra obtained on pristine graphene and graphene with metal 
oxide layers. First, for pristine graphene, the well-known G and 2D mode features, with 
frequencies near 1584 and 2678 cm-1, respectively, were obtained. The same peaks were 
also identified on graphene samples with AlOx/TiOx layers, which confirms the integrity of 
graphene sheets covered by oxide layers. The ratio of the 2D peak intensity to the G peak 
(I2D/IG) is a parameter to determine the quality and monolayer structure of graphene 
[104]. Here, in pristine graphene and graphene with TiOx, the I2D/IG ≥ 2 confirms the good 
quality of the CVD polycrystalline graphene that we employed in this study[105]. 
However, in the presence of AlOx, graphene shows different behavior with the 2D to G 
peak intensity ratio decreasing significantly to 1.45, which suggests possible degradation 
of sp2 structure in graphene. In addition, the G peak's doping sensitivity helps confirm the 
nature of doping. The location of the G peak for pristine graphene is 1584 cm-1. For 
graphene coated with AlOx, the peak shift was approximately 3 cm-1, and for the case of 
TiOx, about 13 cm-1 compared with pristine graphene. A similar shift was also observed 
for the 2D peak. Such Raman-shift to the left in the oxide layered graphene indicates a p-
type doping effect, which is in good agreement with our transport measurements.  
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Figure 3.4. Raman spectra of pristine graphene and graphene with deposited TiOx and 
AlOx. The corresponding G band shift for the samples before and after deposition is 
presented. 
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However, in the case of aluminum oxide-covered graphene, strikingly, we observed the 
emergence of the D peak (near 1340 cm-1), which is a signature of Raman-active defects, 
suggesting the introduction of appreciable sp3 carbon defects, a source of graphene 
modification by AlOx only. Although Raman spectroscopy in most cases serves as 
qualitative analysis, it is also possible to quantify defects concentration in graphene. We 
obtained the concentration of defects for a graphene sample with AlOx by extracting the 
G to D intensity ratio from the spectrum and the excitation laser wavelength. From the 
estimation, we found a concentration of defects for graphene with evaporated Al (0.8 
nm) ~1.4 × 1011 cm-2, which is nearly one defect per 10,000 carbon atoms. For a huge shift 
in VD ~50-100 V, corresponding doping of 1012 cm-2 can be expected. Therefore, the 
significant doping is due to surface charge transfer doping, while the sp3-related defect 
contributions are nearly 10%, which is unique to AlOx interfaced graphene. Despite the 
defects, the electrical properties of graphene are relatively preserved in graphene|TiOx 
(AlOx) devices. 

3.5 Graphene|metal oxides surface morphology 

To understand the surface morphology of the oxide coverage over graphene, we 
investigated the samples by atomic force microscopy (AFM). Here metal oxide layers were 
realized by first deposition of nm thick metals (Ti or Al) on CVD graphene, followed by 
their oxidation in the open air. We chose a 1 µm × 1 µm scan area to check the shape of 
the grains on top of the graphene surface and the height profile (Figure 3.6). Expectedly, 
there is a deviation from the smooth morphology of pristine graphene to graphene with 
the oxide layers. The common feature of oxide-covered graphene is the presence of 
ridges and grooves. The comparison between the surfaces is illustrated in Figure 3.6.  The 
AFM image shows an alternation of dark and 
bright stripes in the case of Ti or circle-shaped 
dots in Al. The mean position was fixed to 0 nm 
height in the height profile. Compared to the 
height profile with the standard topography of 
graphene, the oxide-covered graphene 
possesses a higher topographic root-mean-
square roughness. While conspicuous pinholes 
can be understood from the deviation in the 
height profile and images for AlOx, perceptible 
swings in the height profile are also observed 
in the Gr-TiOx system. One can attribute the 
other large clusters to possible resist residue 
regions observed in pristine graphene that can 
act as nucleation sites. Both oxides show an 
area roughness of Rq~1 nm, suggesting that 
both Ti and Al deposited on graphene by e-
beam evaporation and following oxidation of 
the metals do not necessarily lead to full 
coverage, and hence current crowding is a 
common problem for both metal oxides in 
graphene spintronic devices. 

Figure 3.6. AFM images of pristine 
graphene (Gr) and graphene after 
AlOx and TiOx deposition on top of it. 
The corresponding grey line scans 
show roughness profiles, and Rq 
represents average area roughness. 
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3.6 The sp3 defects graphene/metal oxides interface 

In this chapter, we have presented a systematic study of the impact of metal oxides such 
as TiOx and AlOx on the properties of graphene due to surface charge transfer doping. The 
gate-dependent measurements on the same devices both prior and after the deposition 
of oxide reveal a p-type doping effect for both oxides. Besides, the observed sp3 
hybridized defects in the interface of graphene and AlOx have significant consequences 
for device performance. Earlier studies have shown that the interaction between 
graphene and Ti oxide is weaker [106] than in the Al case and uniform coverage of TiOx is 
expected [99]. Also, a higher spin lifetime of ~1ns [12] was recorded for the TiOx tunnel 
barrier. Considering that both oxides show similar kind of morphology, the additional sp3 

defects in graphene-Al2O3 can have implications for graphene electronics and spintronic 
devices. The sp3 defect centers can exhibit magnetic moments ~1µB (as unveiled by the 
electronic structure calculations in Paper I, pages 64-65 ), which can lead to resonant spin-
flip scattering of electrons in graphene spintronic devices, which could explicate the 
widely observed lower spin lifetimes in Al2O3 based graphene spintronic devices. This has 
been conventionally attributed to pinholes in the AlOx barrier. On the other hand, the sp3 

defects and defects can act as traps for storing charges, which could be used for a new 
switching mechanism for setting and resetting processes in graphene-based synapses. 
Thus, our study provides new results that could contribute to the development of hybrid 
graphene interfaces for graphene neuromorphic and spintronic devices.  
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Chapter IV                                                              
Current carrying capacity of CVD graphene 
Understanding high current stress response in CVD graphene is a key point for device 
performance and exploring scalable applications. The grainy nature of the channel and 
resistive tunnel barrier interfaces in CVD graphene spintronic devices can impact the 
current carrying capacity and operation abilities. In this chapter, we will discuss the impact 
of high current on graphene and oxide interfaces employed for electrical spin injection, 
and their performance limits [Paper II]. 

  

4.1  High current impact on CVD graphene 

As demonstrated in mechanically exfoliated graphene, it can conduct a current density  
𝐽𝑏 ~ 108 A/cm2 [80], [107], which is typically two orders higher than technologically 
favorite copper. On the other hand, studies performed in CVD graphene revealed 
relatively lower breakdown current density of  𝐽𝑏 ~4 × 107 A/cm2. Recently  a value of 1.18 
× 108 A/cm2 has been achieved in 300 nm channels of CVD graphene contacted by metallic 
electrodes[108]. Since the typical grain size in CVD graphene exceeds such size, it can be 
considered to be a single-grain device, and the actual current carrying capacity of 
polycrystalline CVD graphene is still unclear. Here, the limitation of the maximum possible 
current that can be applied arises from the grainy structure, wrinkles, and defects intrinsic 
to CVD-graphene devices. The defects and wrinkles act as localized hot spots along with 
nonuniform resistance distribution not only in the graphene channel but also at the 
interface. The purpose of this investigation is to determine the stability of graphene 
spintronic devices.  

The standard method to probe high current breakdown is 2T measurements, where the 
current increase is detected by increasing the applied bias voltage. We used CVD 
graphene spin devices (as described in earlier chapters) for our study and initial high-
current stress experiments were performed in two-terminal (2T) measurements 
(sweeping voltage and measuring current across two contacts). As shown in Figure 4.1, 
with the increase in the applied bias voltage, current increases, and eventually, the 
electrical breakdown is observed at a high current. Low bias current-voltage (I-V) 
measurements revealed non-linear curves, due to the tunneling behavior of the contacts 
(as shown in the inset of Figure 4.1) involved in the measurement along with the channel.  
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Figure 4.1. 2-terminal I-V curve measured up to electrical breakdown. Inset: Low-bias I-V 
measurements. 

The high current carrying capacity of graphene originates from its unique electronic 
properties such as high carrier mobility and a large number of active carriers that lead to 
low sheet resistance. To investigate this in CVD graphene spintronic devices, we 
measured an extensive number of devices, that revealed a high current density 𝐽𝑏 ~ 2-5 × 
108 A/cm2 (Figure 4.2) displaying sheet resistance 0.5 - 2.3 kΩ for most of the devices. 
Here, we calculated the current density using the following formula: 

 𝐽𝑏 =
𝐼𝑏

𝑤∙𝑡
, (4.1) 

where Ib is the applied current to the channel with width 𝑤 and thickness 𝑡 of graphene. 
In Figure 4.3, we show the ripples/wrinkles in graphene (a), and how ripples are integral 
to an actual device with an electrode (b). Measuring the actual and effective dimensions 
of the graphene channel after processing, we observed the maximum current density 𝐽𝑏 ~ 
5.2 × 108 A/cm2. 

 

Figure 4.2. Breakdown current density 𝐽𝑏 as a function of sheet resistance of the CVD 
graphene (the star indicates the maximum current density of 5.2 × 108 A/cm2).  
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Figure 4.3. AFM image of graphene (a) over 10 µm x 10 µm area with clearly observable 
wrinkles and ripples, (b) channel with corresponding actual and effective width. 

Avoiding common contact with the current source and voltmeter allows us to eliminate 
the effect of contact resistance. To exclude the impact from contact interfaces, and only 
focus on the graphene sheet capacity, following the 2T measurements, we I-V 
characteristics in the four probe configuration. Here, we could isolate the tunneling 
contributions from contacts, and observe a linear I-V for the graphene channel. At low 
currents, that is the operating range (± 50 µA), the graphene channel does not deviate 
from Ohmic behavior. In the high-current region, two regimes can be distinguished in the 
I-V curve: reversible and non-reversible, where self-heating can be observed (as displayed 
in Figure 4.4a). Note that despite the high current carrying capacity, the degradation of 
the CVD graphene channel due to cumulative Joule heating can lead to an irreversible 
regime. To examine the transition between the two regimes, I-V curves were recorded in 
cycles with the maximum current varied in steps (Istep = 0.2 mA, between 0 - 3 mA). The 
transition between reversible and irreversible regimes is observed to occur at a specific 
value of current ( Imax rev) in each cycle, and the sheet resistance of the graphene channel 
changes after each cycle beyond the reversible regime. Interestingly, limiting the 
operating current to a range less than Imax rev  (~108 A/cm2) prevents overheating and 
maintains a constant stabilized sheet resistance (Figure 4.4b). This implies that within the 
Imax rev regime, graphene devices on Si/SiO2 can be operated with heat dissipation 
managed by the Si/SiO2 substrate efficiently.   
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Figure 4.4. (a) Measured 4T I-V curves cycles with linear (reversible) and non-linear (non-
reversible) regimes at high voltage (~4.5 V)  (b) 4T I-V curves cycles of the device within 
the reversible regime. 

4.2 High current stressing in spin tunnel contacts of 
graphene/TiOx  

As we have discussed in Chapter III, metal oxide tunnel barriers are essential for efficient 
electrical spin injection into graphene. However, the resistance of these barriers puts a 
limit on device performance and spin polarization at high currents that are often required 
for applications, for instance, for possible spin torque-based applications. The behavior 
of the interface in the devices is quite distinct from those of the materials on either side 
of the interface. Besides, considering the ultrathin nature of the oxide tunnel barrier, 
contact resistance modulation can be possible at high currents. In our experiments, 
following the 3-terminal measurements (described in Chapter II), we have performed 
electrical measurements to uncover the impact of high currents on tunnel contacts. First, 
three terminals (3T) I-V measurements using low current reveal tunneling behavior in the 
ferromagnetic tunnel contacts. The contact resistance was found to be in the range of kΩ. 
The nonlinearity in the I-V curves was observed due to the tunneling behavior across the 
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junction as well as the self-heating at higher bias voltage [80], [82], [109]. To better 
understand the device functionality, cyclic 3T measurements were performed till 
electrical breakdown across the contacts.  In each cycle, a current is swept from 0 to a 
maximum value and back to zero, where the maximum current was increased in steps of 
∆Imax = 0.25 mA. As shown in Fig. 4.5a, the resistance of the barrier was seen to decrease 
at high injection currents. This consistent change can originate from cumulative effects 
and the observed hysteresis could be related to the trapping of charges under the 
contacts. In Fig. 4.5b, we show low bias (100 mV) barrier resistance as a function of the 
high current density to which the contact|graphene interface was subjected. We 
observed that at high current density, the resistance decreases, which could be ascribed 
to the possible formation of conducting nanofilaments in the Co|TiO2|graphene junction 
in the possible off-stoichiometric naturally-oxidized ultra-thin oxide layer and consequent 
high current crowding.  
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Figure 4.5.  (a) Consecutive multiple 3T I-V cycles with increasing maximum applied 
current and electrical breakdown in the 12th cycle. (b) Contact resistance (measured 
within the reversible regime, V ˂ 0.1 mV) vs the maximum applied current density in a 
measurement cycle. 
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Figure 4.6. (a) Three-probe (upper panel) and four-probe (lower panel) resistance of CVD 
graphene as a function of time measured using high bias currents of 2 mA and 1 mA, 
respectively. (b) Optical image of CVD graphene on SiO2/Si substrate with Co/TiO2 tunnel 
contact before (upper panel) and after (lower panel) electrical breakdown. 

As shown in Figure 4.6, we also investigated the sustainability of the devices over longer 
times. Measurements using different terminals provide information about different parts 
of the device. It is observed that the graphene channel and graphene/metal oxide 
interface respond differently to a constant high bias current of 2 and 1 mA, respectively. 
After a prolonged time (approximately 8000 s), graphene still exhibits the same resistance 
even under a high bias current (Figure 4.6a, lower panel). However, the resistance under 
the contact does not show the same stability over time for the applied constant bias 
current of 2 mA (Figure 4.6a, upper panel), which can be attributed to the likely formation 
of nanofilaments as well as contact interface deterioration.  Figure 4.6b shows the optical 
image of the CVD graphene with ferromagnetic electrodes before and after the electrical 
breakdown. The CVD graphene still survives under a high bias current, while the electrode 
starts to break before the graphene breakdown. Notably, our experiments reveal here for 
the first time how channel resistance and contacts in graphene spintronic devices respond 
to high current stress. While the channel resistance remains in a reversible/stable regime 
up to high current densities, the contact deteriorates due to the possible formation of 
filaments in the 108 A/cm2 current density regime.  

4.3 Heating effects in graphene spintronics devices 

Even though the behavior of graphene channels and contact interfaces are different, a 
reliable spin transport signal at high applied currents of 100 µA - 1 mA was observed 
(shown in Paper II, page 77), although higher currents often led to a decrease in nonlocal 
resistance, which is a measure of spin current detected by the detector. The observation 
of the lowering of spin signals at higher currents can be connected to thermoelectric 
effects in the channel as well as junctions (Figure 4.7). In a typical spin transport device, 
Joule heating occurs along a channel, which can dissipate through the Si/SiO2 substrate. 
As long as the rate of heating of the graphene channel is the same as the rate of heat 
dissipation, the system remains in the reversible regime, with graphene sheet resistance 
unaltered. In addition to the Joule heating, the heating/cooling process at the electrode 
interfaces can occur due to the Peltier effect. The multilayer contact structure causes 
structural modification of the tunnel barriers when the temperature of the injector 
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electrode increases. Injected electrode possesses hot electrons along the graphene/TiOx 
interface. Notably, due to the smaller width of the contacts (100 nm) compared to the 
characteristic transfer length (1 µm) the contribution of current crowding near the 
interface can be neglected. Local heating of the injector electrode may not cause Joule 
heating of the spin transport channel. However, a voltage drop can be expected between 
the injector and detector electrodes due to the Seebeck effect, which could contribute to 
a shift in the whole signal, without impacting the nonlocal resistance.  

 

Figure 4.7. Measurement configurations with corresponding thermoelectrical effects. 

 

 

 

 

 

 

 

 

 

 

858 091 3372
ThotTcold

Joule heating

(∆T α I2 )

Peltier effect

∆T α I 

(I to ∆T at junctions)

Tnormal

858 091 3372

Seebeck effect

(∆T at junctions to I)

I  α ∆T 

VNL
I 

Local (4 probe/2 probe)            
I & V circuits overlap

V RNL= VNL/I

Nonlocal

Graphene

n-type graphene



49 
 

Conclusions and plans for the future 
In this thesis, we have explored the stability and interface details in graphene and 
contacts in graphene spintronic devices. Considering the practical relevance of large-scale 
chemical vapor deposited graphene, which shows competitive performances in both 
quantum and spin transport [110], we have focused our investigations on CVD graphene 
devices. In such devices, inherently occurring grains and ripples in the µm range affect 
electrical performances, while charge transfer at contact interfaces could lead to surface 
charge transfer doping [12]. Titanium and aluminum oxides have been widely used as 
tunnel barriers to study charge and spin transport, as they offer optimum interface 
conditions for enhanced efficiency. Like CVD graphene, these metal oxides are also 
compatible with scalable processing methods. This makes it really important to gain a 
fundamental understanding of the behavior of the spin current carrying channels as well 
as contact interfaces, which we have investigated here.  

First, to gain in-depth understanding of the graphene/metal oxide interfaces, we probed 
graphene covered by metal oxides with electrical measurements. Ultrathin Al and Ti oxide 
interfacing with graphene were found to induce p-type doping ~1012 cm-2 in graphene for 
both metal oxides, with reasonably retained charge mobility and sheet resistance, before 
and after the top oxide layer realization. With minor changes in charge traps, the charge 
impurities cause Coulomb scattering, while short-range defect scattering results from 
neutral defects. Despite the same kind of doping for both oxides, the oxide layers could 
bond differently with graphene, as revealed by our X-ray photoelectron spectroscopy and 
Raman spectroscopy studies. X-ray photoelectron spectroscopy suggests a rather 
intricate nature of the doping, not just due to charge transfer from C atoms but also due 
to significant sp3 defects for Al oxide. This has been precisely confirmed by the emergence 
of sp3 defect active Raman D band for Al oxide layered graphene, in sharp contrast to Ti 
oxide layered graphene, where the D band was absent. Density functional theory 
calculations revealed that such sp3 hybridization at the interface exhibits a local magnetic 
moment (~0.5 - 1.0 µB) (see Paper I, pages 64-65). This overall difference in how Al and Ti 
oxide bond with graphene can have prime implications for graphene nanoelectronic and 
spintronics. The non-zero magnetic moment at the interface could contribute to resonant 
spin relaxation, which can be a cause behind the generally lower spin lifetimes (~100 - 
200 ps) observed in AlOx-based graphene spintronic devices. Typically, much larger spin 
lifetimes of ~1ns have been obtained in graphene devices with TiOx tunnel barriers. On 
the other hand, the sp3 defects can also provide means to explore the charge-trapping 
effects of resistive switching graphene electronic devices. Our experiments reveal that 
oxide interfaces with graphene can be quite complex with definite implications for 
graphene electronic and spintronic devices.  

Second, to uncover the ultimate current carrying capacity of CVD graphene channels for 
high-performance spintronic circuits, we performed high-current stress experiments. 
Despite the polycrystalline nature of CVD graphene, we observed the highest breakdown 
current density of ~5.2 × 108 A/cm2, which is an order higher compared to those observed 
in multilayer graphene [82]. To probe further details within this range, we performed 
four-probe measurements that allowed us to demarcate two regimes for high currents, a 
reversible regime (≤ 108 A/cm2), up to which a device can be operated without significant 
damage, and a non-reversible regime (> 108 A/cm2), where permanent damage can occur 
to the graphene lattice. These experiments established that for low sheet resistance 
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(~500 W/square), the highest breakdown current density of ~108 A/cm2 can be realized 
even for CVD graphene in the reversible regime. We have also probed the impact of high 
currents on contacts by detailed 3-terminal electrical measurements. These experiments 
revealed that even contact interfaces show significant stability up to ~107 A/cm2, while 
higher current density leads to a modification (lowering) of the interface resistance due 
to possible ion migration-induced conducting paths within the oxide barriers at the 
contacts. Furthermore, spin transport measurements on these devices reveal spin current 
signals via nonlocal measurements till ~108 A/cm2.  

In summary, in our two elaborate studies, we gained an understanding of the mechanism 
and crucial role of graphene/metal oxide interfaces in spintronic device engineering, as 
well as established the robustness of these devices (both graphene and metal oxide 
interfaces) when subjected to high current stress. At the same time, tunable interface 
resistance with thicker tunnel barriers still remains an unexplored avenue. High-
performance CVD graphene spin devices clearly need stable tunnel barriers. For this, 
possible oxygen migration-induced filament formation can be avoided by employing 
hexagonal boron nitride [111]–[113] or fluorographene [114] due to their superior 
structural integrity. Since the observed sp3 bonds can act as carrier traps for synaptic 
junctions, oxygen ions in the AlOx layer can be highly mobile in graphene and may form 
covalence bonds with the broken bonds of graphene for setting and resetting processes 
in memristive devices.  

 During the remaining two years of my Ph.D., I aim to explore charge and spin transport 
in different graphene|metal-oxide and 2D heterostructures to unveil transport 
phenomena and tunability of properties. For example, considering the scalability of both 
CVD-grown materials and oxide layers, a variety of studies in quantum transport and spin 
hall effect in such systems covered with oxides or other 2D materials will be highly 
significant. Our existing results with oxide layers on graphene indicate new prospects for 
creating graphene-metal oxide-based synapses by harnessing interface trap states. 
Therefore, the investigation would also involve harnessing unique charge transport in 
these systems for potential neuromorphic components such as synaptic hybrid resistive 
switching devices and related spin devices. These studies are expected to involve 
fundamental investigations using our in-house complementary techniques, such as 
Raman and photoelectron spectroscopy 
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