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Preface

The theory behind “graphene” was first explored by the physi-
cist Philip Wallace in 1947. However, the name “graphene”
was not actually coined until 40 years later, where it was used
to describe single sheets of graphite. Ultimately, Professor
Geim’s group in Manchester (UK) was able to manufacture
and see individual atomic layers of graphene in 2004. Since
then, much more research has been carried out on the mate-
rial, and scientists have found that graphene has unique and
extraordinary properties. Some say that it will literally change
our lives in the twenty-first century. Not only is graphene the
thinnest possible material, but it is also about 200 times stron-
ger than steel and conducts electricity better than any other
material at room temperature. This material has created huge
interest in the electronics industry, and Konstantin Novoselov
and Andre Geim were awarded the 2010 Nobel Prize in
Physics for their groundbreaking experiments on graphene.

Graphene and its derivatives (such as graphene oxide) have
the potential to be produced and used on a commercial scale,
and research has shown that corporate interest in the discov-
ery and exploitation of graphene has grown dramatically in
the leading countries in recent decades. In order to understand
how this activity is unfolding in the graphene domain, publi-
cation counts have been plotted in Figure P.1. Research and
commercialization of graphene are both still at early stages,
but policy in the United States as well as in other key coun-
tries is trying to foster the concurrent processes of research
and commercialization in the nanotechnology domain.

Graphene can be produced in a multitude of ways. Initially,
Novoselov and Geim employed mechanical exfoliation by
using a Scotch tape technique to produce monolayers of the
material. Liquid-phase exfoliation has also been utilized.
Several bottom-up or synthesis techniques developed for gra-
phene include chemical vapor deposition, molecular beam
epitaxy, arc discharge, sublimation of silicon carbide, and epi-
taxy on silicon carbide.

The first volume of this handbook concerns the fabrication
methods of graphene. It is divided into four sections: (1) fab-
rication methods and strategies, (2) chemical-based methods,
(3) nonchemical methods, and (4) advances of fabrication
methods.

Carbon is the sixth most abundant element in nature and
is an essential element of human life. It has different struc-
tures called carbon allotropes. The most common crystal-
line forms of carbon are graphite and diamond. Graphite is
a three-dimensional allotrope of carbon with a layered struc-
ture in which tetravalent atoms of carbon are connected to
three other carbon atoms by three covalent bonds and form
a hexagonal network structure. Each one of these afore-
mentioned layers is called a graphene layer or sheet. Each
sheet is placed in parallel on other sheets. Hence, the fourth
valence electron connects the sheets to each other via van
der Waals bonding. The covalent bond length is 0.142 nm.
The bonds that are formed by carbon atoms between layers

are weak; therefore, the sheets can slide easily over each
other. The distance between the layers is 0.335 nm. Due to its
unique structure and geometry, graphene possesses remark-
able physical-chemical properties, including a high Young’s
modulus, high fracture strength, excellent electrical and ther-
mal conductivity, high charge carrier mobility, large specific
surface area, and biocompatibility.

These properties enable graphene to be considered as an
ideal material for a broad range of applications, ranging from
quantum physics, nanoelectronics, energy research, catalysis,
and engineering of nanocomposites and biomaterials. In this
context, graphene and its composites have emerged as a new
biomaterial, which provides exciting opportunities for the
development of a broad range of applications, such as nano-
carriers for drug delivery. The building block of graphene
is completely different from other graphite materials and
three-dimensional geometric shapes of carbon, such as zero-
dimensional spherical fullerenes and one-dimensional carbon
nanotubes.

The second volume of this handbook is predominantly
about the nanostructure and atomic arrangement of graphene.
The chapters in this volume focus on atomic arrangement
and defects, modified graphene, characterization of graphene
and its nanostructure, and also recent advances in graphene
nanostructures. The planar structure of graphene provides an
excellent opportunity to immobilize a large number of sub-
stances, including biomolecules and metals. Therefore, it is
not surprising that graphene has generated great interest for
its nanosheets, which nowadays can serve as an excellent plat-
form for antibacterial applications, cell culture, tissue engi-
neering, and drug delivery.

It is possible to produce composites reinforced with gra-
phene on acommercial scale and low cost. In these composites,
the existence of graphene leads to an increase in conductivity
and strength of various three-dimensional materials. In addi-
tion, it is possible to use cheaply manufactured graphene in
these composites. For example, exfoliation of graphite is one
of the cheapest graphene production techniques. The behavior
of many two-dimensional materials and their equivalent three-
dimensional forms are completely different. The origin of the
aforementioned differences in the behavior of these materials
is associated with the weak forces that hold a large number of
single layers together to create a bulk material. Graphene can
be used in nanocomposites. Currently, researchers have been
able to produce several tough and light materials by adding
small amounts of graphene to metals, polymers, and ceram-
ics. The composite materials usually show better electrical
conductivity characteristics compared with pure bulk materi-
als, and they are also more resistant against heat.

The third volume describes graphene’s electrical and
optical properties and also focuses on nanocomposites and
their applications. The fourth volume relates to the mechani-
cal and chemical properties of graphene and cites recent

ix
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developments. The fifth volume presents other topics, such as
size effects in graphene, characterization, and applications
based on size-affected properties. In recent years, scientists
have produced advanced composites using graphene, which
are excellent from the point of view of mechanical and ther-
mal properties. However, in some of these composites, high
electrical conductivity only is desirable. For example, the
Chinese Academy of Sciences (IMR, CAS) has created a
polymer matrix composite reinforced with graphene, which
has a high electrical conductivity. In this composite, a flexible
network of graphene has been added to a polydimethylsilox-
ane matrix (of the silicon family).

Investigation of early corporate trajectories for graphene
has led to three major observations. First, the discovery-to-
application cycle for graphene seems to be accelerated, for
example, compared to fullerene. Even though the discovery
of graphene is relatively new, large and small firms have con-
tributed to an upsurge in early corporate activities. Second, a
rapid globalization has occurred by companies in the United
States, Europe, Japan, South Korea, and other developed
economies, which were involved in early graphene activities.
Chinese companies are currently starting to enter the gra-
phene domain, resulting in the expansion of research capabil-
ity of nanotechnology. Nevertheless, science alone does not
guarantee commercial exploitation. To clarify the issue, the
level of corporate patenting in the United Kingdom, which is
a pioneer in graphene research, is slightly ahead of Canada
and Germany; however, it is dramatically lower than in the
United States, Japan, and South Korea. Third, the potential
applications of graphene are rapidly expanding. Corporate
patenting trends are indicative of their enthusiasm to utilize
the features of graphene in various areas, including transis-
tors, electronic memory and circuits, capacitors, displays,
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solar cells, batteries, coatings, advanced materials, sensors,
and biomedical devices. Although graphene was initially pro-
posed as an alternative to silicon, its initial applications have
been in electronic inks and additives to resins and coatings.
We have identified six areas of emerging applications for gra-
phene, including displays/screens, memory chips, biomedical
devices, batteries/fuel cells, coatings and inks, and materials.
In the investigation of the corporate engagement in graphene,
we sought to understand early corporate activity patterns
related to broader research and invention trends. In traditional
innovation models, a lag between research publication and
patenting is consistent with the linear model. However, more
recent innovation models are stressing concurrent launch,
open innovation, and strategic property management.

The sixth volume of this handbook is about the applica-
tion and industrialization of graphene, starting with chapters
about biomaterials and continues onto nanocomposites, elec-
trical/sensor devices, and also new and novel applications.

The editorial team would like to thank all contributors
for their excellent chapters contributed to the creation of this
handbook and for their hard work and patience during its
preparation and production. We sincerely hope that the pub-
lication of this handbook will help people, especially those
working with graphene, and benefit them from the knowledge
contained in the published chapters.

Mahmood Aliofkhazraei
Nasar Ali

William 1. Milne

Cengiz S. Ozkan
Stanislaw Mitura

Juana L. Gervasoni
Summer 2015
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Tunnel Barrier
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ABSTRACT 1.1 SPINTRONICS: POTENTIAL APPLICATIONS

This chapter describes a novel use of graphene as a tunnel
barrier for both charge and spin transport. Graphene is typi-
cally studied for its extraordinary in-plane conductance prop-
erties, while its out-of-plane transport properties are largely
ignored. Graphene is metallic in-plane due the large availabil-
ity of conduction channels. In contrast, there are substantially
fewer out-of-plane conduction channels, resulting in a low
resistivity in that configuration. A tunnel barrier comprises
of two electrodes separated by a thin insulator where current
flows between the electrodes entirely by quantum mechani-
cal tunneling. Graphene exhibits many of the characteristics
expected for an ideal tunnel barrier. The strong in-plane sp?
bonding of carbon atoms results in a strong tendency to form
complete, defect-free monolayers, enabling tunnel barriers
with discrete thicknesses. Graphene is chemically inert and
thus prevents the electrodes from intermixing with the tun-
nel barrier material and/or getting chemically altered. It is
also impervious to diffusion, forming a natural diffusion bar-
rier between the two electrodes. It is thermally robust, which
allows for an increased thermal budget of the overall struc-
ture. As theory predicts, graphene can also be an excellent
spin filter in combination with a few selected ferromagnetic
contacts. This chapter summarizes the tunnel barrier proper-
ties of graphene and its potential use in spintronic devices.

FOR GRAPHENE TUNNEL BARRIERS

Typical commercial electronic devices ignore the spin state
of electrons and only use the charge state. For example, the
charging or discharging of a capacitor is used as a memory
element in computer random access memory (RAM). As
another example, consider field effect transistors (FETs),
which are switched on and off by the charge on their gates and
combined into logic gates, of which millions in combination
can make complex versatile devices, such as a state-of-the-art
central processing unit (CPU).

However, the electron charge is just one of the fundamental
properties of an electron—it also has a mass, momentum, and
a spin state. Here, we are interested in the spin state to give
additional degrees of freedom to electronic devices. Indeed,
the spin state is recognized by the international roadmap for
semiconductors as a viable alternative to charge for operation
beyond Moore’s law.!

One of the first successful commercial transitions in spin-
tronics was based on the giant magnetoresistance (GMR)
effect’>* discovered in 1988 (see timeline in Figure 1.1a). Here,
a nonmagnetic metal layer separates two magnetic layers.
Electrons are naturally spin polarized in a FM due to its spin-
polarized density of states. Majority spin electrons have their



4
(a) 8 1000 T T T A T
E TMR (MgO) [11,12]
2 100} A .
2~
£8 TMR (AL,O5) [8,9]
£ T AMRr[g GMRI[23] I
< o
2 1 1 I I I
1970 1980 1990 2000 2010
Year
(b) Parallel (c) Antiparallel
Fe | ) W Fe | )’
! /\\ ;
o N/ A al N/ |
Fe \*f/ Fe
FIGURE 1.1 (a) Timeline, magnetoresistance devices. 1975:

Anisotropic magnetoresistance (AMR), 1988: Giant magnetore-
sistance (GMR), 1995: Tunnel magnetoresistance (TMR) based on
Al,0;, 2004: TMR based on MgO tunnel barriers. (b) GMR device
from Fe/Cr/Fe multilayers; Fe layers are parallel, one spin species
experiences weak scattering only in both magnetic layers, and an
overall low resistance is measured. (c) Both spin species experience
strong scattering and a high resistance is measured.

moment aligned parallel and spin aligned antiparallel to the
magnetization of the FM,> and majority spin electrons have
more states available at the Fermi level (Eg). These electrons
experience weak scattering during transport within the FM
and at the FM/normal metal interface. Minority spin electrons
have their moment (spin) aligned antiparallel (parallel) to the
magnetization, have fewer states available at E, and thus
experience stronger scattering in the FM and at the interface.
If the magnetizations of the two magnetic layers are parallel,
as depicted in Figure 1.1b, then the majority spin electrons of
the top layer will enter the bottom layer as majority spin and
the overall resistance will be low. When the two layer mag-
netizations are aligned antiparallel, as depicted in Figure 1.1c,
the majority spins of the top layer will be minority spins in the
bottom layer, and the overall stack resistance will be higher.
Resistance changes on the order of 15% can be obtained with
these structures, which were far better than the best anisotro-
pic magnetoresistance® (AMR) devices that were used as the
read heads to detect the small changes in magnetic field lines
on the magnetic platter of a hard disk at the time. Within the
time span of 5 years this discovery went from lab experiment
to commercial product, making this the first commercially
available spintronic technology. This discovery of GMR led
to the 2007 Nobel Prize for A. Fert and P. Griindberg’ and the
2014 Millennium Technology Prize for S. Parkin.

Later work replaced the metallic interlayer of the GMR
stack by a thin insulator.® Transport across this thin insula-
tor is possible by quantum mechanical tunneling. Tunneling
across a thin insulator depends critically on the density of
states (DOS) available on both sides of the tunnel barrier.
As the DOS at the FM/insulator interface is spin dependent,
the tunnel process also becomes spin dependent.”® When the
magnetic layers are aligned with their magnetizations par-
allel, majority electrons that have a large DOS in the left
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FIGURE 1.2 Simplified diagram of tunneling from ferromagnet to
ferromagnet. (a) Magnetization is parallel. One spin species tunnels
from a large density of states to a large density of states, and a low
tunnel resistance is measured. (b) Both spin species tunnel from a
large (low) density of states to a low (large) density of states, and a
high tunnel resistance is measured.

electrode (Figure 1.2a) can readily tunnel to the large DOS
of the majority state of the right electrode. However, when
the magnetic electrodes have their magnetizations antiparal-
lel, the majority electrons with a large DOS can only tunnel
to the minority states of the right electrode, which has a much
smaller DOS. Thus, the tunnel resistance is increased by this
spin-dependent effect. Tunnel magnetoresistance effects of
over 800% have been observed in Fe/MgO/Fe tunnel barri-
ers.!'12 These barriers are now the workhorses in read heads
for hard disks and they are the memory elements of choice in
magnetic RAM.

It can be easily seen that a magnetic tunnel junction (MTJ)
has two states, parallel and antiparallel, with two significantly
different resistances. These states can be used to build a
magnetic random access memory (MRAM). As the parallel
and the antiparallel states are stable states, this memory is
nonvolatile. MRAM is another major success story of spin-
tronics.3 There are two types of commercially available
MRAM: toggle MRAM™ and spin—torque transfer MRAM.13

Toggle MRAM uses an array of MTJs, like those described
previously, with the bottom electrode layer typically magneti-
cally fixed in one direction and the top electrode layer set as
the magnetically free layer. Write wires, which are conduc-
tors that run on top of the MTJs, are arranged in a grid (see
Figure 1.3). Where two wires cross, the combined magnetic
field is strong enough to switch the magnetic free layer of that
individual MTJ. All the other MTJs in the array either expe-
rience only the magnetic field of a single wire or no mag-
netic field at all. Besides, the obvious benefit of this memory
being nonvolatile, it also has short access time, large number
of read/write cycles, and is radiation hardened. Nowadays,
this type of memory is being used for applications in satellites
and airplanes. The relatively high power needed to switch a
memory element using write wires and scalability issues has
prevented this type of memory from seeing more widespread
usage in electronic products.

Spin—torque transfer switching is an alternative to toggle
MRAM that solves the high switching power and scalability
issues. This transfer switching is a low-power technique to
change the magnetic state without the need for write wires,
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FIGURE 1.3 Conceptual MRAM device with both graphene interconnects and graphene tunnel barriers.

making it a scalable technology.’® In short, spin—torque
switching occurs when the spin-polarized current from one
magnetic contact is used to switch the magnetization of a
second magnetic contact, thereby eliminating the need of the
power-hungry write wires. However, to make spin—torque
transfer devices function properly, it is essential to fabricate
MTIs with a low-enough resistance—area product, which is
determined in large part by the thickness of the tunnel barrier.
The thinnest possible tunnel barrier is a pinhole-free insulat-
ing monolayer. Later in this chapter, we will discuss how
graphene, an inherent single layer, can be used to fabricate
spin-polarized MTJs.

The MRAM devices in the previous example use MTJs as
the memory elements and rely on conventional charge-based
electronics to do the addressing and signal amplification of
these memory elements. The next step in replacing charge-
state operation electronics with spintronics is to build the
magnetic elements directly into the transistor itself and create
a “spin-FET”"7 (see Figure 1.4). This allows one to build the
magnetic memory directly into the switching transistor, thus
greatly simplifying the memory structure. These spin-FETs

also conceptually allow for future fabrication of reconfigu-
rable electronics.'$2!

Modern CPUs are versatile devices and can perform many
functions described in software, but at a cost of adding a lot of
overhead to make a general-purpose device. Dedicated hard-
ware, called application-specific integrated circuits (ASICs),
can perform a logic function far more efficiently, thus at lower
power, because they are hardwired to do just one function.
Reconfigurable logic can combine these two worlds to make
a versatile general-purpose device, like a CPU, with the effi-
ciency of dedicated ASICs. One could program this circuitry
on the fly to perform a single task by changing the function of
the spin-FET with the magnetic state of the source and drain.
The circuit would then perform this task as if it were dedi-
cated hard-wired logic. One can then use a second program-
ming step to fully reprogram the logic function to perform an
entirely different task. In order for this type of electronics to
function as theoretically designed, one would need to inject,
manipulate, and detect spin-polarized current in the transistor
channel. Later in this chapter, we will address why graphene
is an important and necessary ingredient toward spin-FETs

FIGURE 1.4

Conceptual spin-FET, with FM/graphene as the spin-injecting contact.



and spin-logic by using an example of the injection of spins
into silicon from a FM metal across a graphene tunnel barrier.

1.2 SPIN TRANSPORT ACROSS GRAPHENE

Several groups have studied the in-plane spin transport prop-
erties of graphene (see Table 1.1).222°> The high in-plane
mobility, low intrinsic spin—orbit interaction, and low (zero
theoretically expected) hyperfine interaction of electron spins
with the carbon nuclei lead one to expect very long spin life-
times in graphene. Using nonlocal measurements,?%?’ spin
lifetimes on the order of 50-500 ps have been observed.
These experimentally measured spin lifetimes lead to long
spin diffusion lengths, up to several microns, even at room
temperature. Lateral spin transport in graphene will not be
discussed in this chapter—for more information, see, for
example, References 28-32.

In contrast to the large number of reports in the literature
on the lateral charge transport (the subject of other chapters
of this publication) and lateral spin transport through gra-
phene, the out-of-plane properties have largely been ignored.*
Although highly conductive in plane, graphene exhibits poor
conductivity out of plane.* Spin transport of hot electrons
through 7-17 nm thick graphite flakes perpendicular to the
layer plane was recently demonstrated using scanning tunnel-
ing microscopy-based techniques.* Perpendicular transport
through multilayers of FM/graphene/FM has been studied
in the conductive regime, although early results were com-
plicated by space-charge effects or oxidation.?”3¢ Measuring
graphene’s out-of-plane conductivity is quite complicated due
to the presence of highly conductive edge states,*” which also
manifest near grain boundaries, that can effectively short out
any intrinsic out-of-plane transport. Here, by carefully avoid-
ing graphene’s conductive edge states, we examine the spin-
polarized tunnel transport across a layer of graphene in an
MTJ structure.3-4!

1.2.1  FABRICATION

Standard microfabrication techniques were used to produce
an array of NiFe bottom electrodes on a SiO,/silicon wafer. A
single sheet of graphene, grown by chemical vapor deposition
(CVD),* was transferred from its original copper foil substrate
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2 nm Ti + 50 nm Au
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FIGURE 1.5 Schematic cross-sectional diagram of a graphene
MT]J and optical photo of a junction prior to top contact deposition.

to the electrode array and patterned using polymethyl meth-
acrylate (PMMA) resist and deep-UV photolithography. The
graphene’s conductive edge states were buried in a layer of
Si,N; and a Co top electrode was deposited.3> A schematic of
a device is shown in Figure 1.5.

1.2.2 REsuLts

Initial room-temperature /-V characterization shows a non-
ohmic junction with the increased low-bias resistivity typical
of tunnel junctions (Figure 1.6). The temperature dependence
of the junctions’ zero bias resistance (ZBR), a characteristic
measure of tunnel barrier quality,¥ shows the weak decrease
with temperature characteristic of tunneling transport rather
than the weak increase or dramatic decrease in resistance
characteristic of metal and semiconductor transport, respec-
tively.** Normalizing the individual junction resistances to
their room-temperature values shows that the junction resis-
tances fall by a factor of about 3.5 in the temperature range
10-300 K (Figure 1.6 insef), comparable to factors of 2.5
reported for high-quality tunnel junctions.*

In canonical MTJs, the resistance depends on the ability
of electrons from the emitter to tunnel into available states
of matching polarization in the collector (see Figure 1.2).

TABLE 1.1

Lateral Spin Transport in Graphene Measured with Nonlocal Spin Valves

Author Tunnel Barrier Graphene AR (Nonlocal) At T, References
Tombros ALO; Exfoliated 2Q 1.3 um 100-170 ps [21]
Ohishi Exfoliated 2 mQ ~100 nm [22]
Han MgO Exfoliated 130 Q 2.5-3.0 um 450-500 ps [23]
Friedman F-Graphene CVD 25Q 1.5 um 200 ps [24]
Popinciuc AlLO, Exfoliated 50 Q 100-180 ps [29]
Avsar MgO CVD 4Q 1.2 um ~150 ps [30]
Guimaraes AlLO, Suspended 4Q 4.7 um 150 ps [31]
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FIGURE 1.6 Typical nonlinear current—voltage character of a
graphene tunnel junction at various temperatures. Inset: Zero bias
resistance of several graphene MTJs normalized to their room tem-
perature resistances, showing weak temperature dependence.

When the electrodes are oppositely magnetized, the majority
spin DOS in the emitter corresponds to the smaller minor-
ity spin DOS in the collector, and vice versa. Consequently,
resistance is higher in the antiparallel configuration than in
the parallel case where majority spin states in the electrodes
have the same polarization.

When an in-plane magnetic field is applied, the magneti-
zations of the NiFe and Co electrodes reverse at fields cor-
responding to their respective coercivities, with the NiFe
switching at a much lower field than the Co. Their magne-
tizations can thus be aligned either parallel or antiparallel,
and two distinct resistance states are observed in the data, as
seen in Figure 1.7. The junction resistance can be controllably
and reversibly switched from a low-resistance parallel state
to a higher-resistance antiparallel state with the applied field.

(a) 2.5 T T T

TMR (percent)

-100 0 100

Magnetic field (Oe)

200

At low temperatures and low biases, where the physics of
tunneling are simplest and most evident, the TMR reaches a
value of 2%.3%%

The traditional Julliere model gives the magnitude of the
TMR as TMR =2P,P,(1 — P,P,)™!, where P, and P, are the
interface polarizations of the collector and emitter metal sur-
faces.® Using this model, we obtain an average interface spin
polarization of 10% for the two interfaces in our junctions at
the lowest temperatures. For comparison, a NiFe/Al,O, inter-
face fabricated under high vacuum conditions typically has a
surface polarization of about 30%. The reduced spin polar-
ization in the graphene junctions can be attributed to inter-
face contamination. The bottom NiFe/graphene interface was
exposed to air prior to graphene transfer, resulting in some
ambient oxidation of the metal surface. The resulting anti-
FM NiO is a strong spin scatterer expected to reduce the spin
polarization and associated TMR.

A monotonic decrease in the observed TMR occurs with
increasing temperature, as shown in Figure 1.8a from 50 to
400 K. It is worth noting that the signal remains evident well
above room temperature, albeit with reduced magnitude.
Higher temperatures lower the spin polarization of the metal
surfaces through various mechanisms such as spin-wave
excitation. This was previously modeled by Shang et al.*¢ as
a power law dependence of the metal surface spin polariza-
tion P as a function of temperature 7, P(T) = Py(1 — aT3?),
where the parameter o is material specific. By inserting this
temperature dependence in the traditional Julliere model, we
obtain the expected temperature dependence for TMR. We
compared our measurements with this model and observed
good agreement (Figure 1.8b) using accepted parameters for
the metals used.?®

The TMR signal is also expected to decrease with higher
junction bias. Higher bias raises the Fermi level of the emit-
ter electrode and imparts more energy to the emitted electrons,
enabling them to access more empty states in the collector
electrode even in the antiparallel case, thereby lowering the
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FIGURE 1.7 Graphene junction TMR curves at low temperature (7 =4 K), showing the typical MTJ switching behavior at low bias of
(a) 0.125 and 0.250 mV and (b) 0.42—1.15 mV. The arrows indicate the relative orientation of the NiFe (lower arrow) and Co contacts.
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FIGURE 1.8 Temperature dependence of the TMR displayed by (a) TMR curves for selected temperatures up to 400 K and (b) observed
TMR for various junctions studied compared with a temperature-dependent TMR model derived from Julliere*> and Shang et al.*®

resistance. This behavior is reflected in the graphene MTJ
devices, as displayed in Figure 1.9a, which shows the observed
TMR falling from over 1% at 12 mV of bias to under 0.5%
at 86 mV of bias. The exact behavior depends on the DOS of
the collector electrode, and thus on which metal the collector
comprises of, producing an asymmetry in the forward versus
reverse bias dependence, also observed in the graphene MTJs
(Figure 1.9b). The asymmetry could also be attributed to differ-
ent interface contaminations created during sample processing.

The four-point junction resistance measurement avoids
convolution of the TMR signal with anisotropic magnetore-
sistance (AMR) of the FM leads. This distinction is evident
when looking at simultaneously acquired two-probe resis-
tance measurements (Figure 1.10) that display a clear AMR
peak at very low field values. The AMR signal, although
superficially similar to TMR, occurs in a much narrower
range of field values and does not display the temperature or
bias dependence characteristic of TMR.
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Several authors have predicted a large spin-filtering effect
at the interface between graphene and various FM metals,
including nickel, cobalt, and iron.#’*3 The theoretical predic-
tion rests on the peculiar band structure of graphene at the
Fermi level and its interaction with the spin-polarized band
structure of the metals. This prediction is similar to that of
spin filtering at Fe/MgO interfaces,*>>° which was quickly
verified experimentally®' and has since led to room tempera-
ture TMR in excess of 800%.'""'> The mechanisms leading
to spin filtering are quite different, however. In Fe/MgO, it
derives from band symmetry effects, while in FM/graphene,
it derives from band alignments, that is, the positions of the
majority/minority spin bands relative to Ep.

Briefly, nickel (111) and cobalt (0002) close-packed sur-
faces share the hexagonal lattice of graphene and are closely
lattice matched. The spin-resolved band structure of both
of these metals contains only minority spin bands at the K
points in the Brillouin zone. Graphene has states only at these

FIGURE 1.9 TMR as a function of bias. (a) Evolution of TMR curves at increasing junction bias and (b) TMR magnitude versus applied
field for higher biases at 7= 20 K. The TMR decreases with bias and is asymmetric, reflecting the asymmetry in the junction materials and
interfaces.
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FIGURE 1.10 Two-probe MR measurement displaying a convolu-
tion of TMR and AMR features at various temperatures. The AMR
component is clearly distinguishable from the broader and more
temperature-sensitive TMR effect.

K points in its band structure. Therefore, transport across these
epitaxial metal-graphene interfaces is provided by minority
spin carrier states in the graphene while majority spin states
can only tunnel through the graphene. The expected magne-
toresistance for a single layer of graphene between two FM
metal surfaces with some degree of interface disorder is about
10%, and qualitatively in agreement with the two percent
observed for single-layer graphene MTJs.?233 Additional lay-
ers of graphene are predicted to produce dramatically higher
magnetoresistance. Extrapolating the conductance difference
between majority and minority spin carriers with five layers
of graphene at the interface yields nearly 100% spin-polarized
transport and TMR values in excess of 2000%. The effect has
been predicted to be fairly robust to interface disorder and
nonmagnetic impurity atoms at the interface.”

Direct experimental measurements of this spin filtering
effect have not yet been reported. Experimental results pub-
lished to date have utilized only one or two layers of graphene
in the MTJ structure,’-4! where the spin filtering is expected
to be weak (Table 1.2). In addition, while the theory postulates
epitaxial single crystal structures with clean interfaces,***
the experimental structures typically are noncrystalline with
at least one air-exposed interface. Cobas et al. fabricated FM/
graphene/FM heterostructures by transfer of a single layers
of CVD-grown graphene onto prefabricated NiFe electrodes,

TABLE 1.2
Vertical Spin Transport across Graphene

Tunnel MR
Author Structure Barrier (%) References
Cobas et al. NiFe/Gr/Co Single layer 2 [38]
Igbal et al. NiFe/Gr/NiFe Bilayer 0.65 [40]
Chen et al. Co/gr/Co Bilayer 1 [41]
Dlubaketal.  Ni/Gr/ALOyCo  Gr/ALO, -10 [53]

and reported TMR values of 2% at low temperature, as
described previously.*® Igbal et al. fabricated similar struc-
tures and compared the TMR of single and bilayer graphene
junctions from room temperature to 10 K, observing values
as high as 0.65% for two (nonepitaxial) graphene layers and
0.15% for single-layer graphene.’® Shortly thereafter, Chen
et al. applied a similar fabrication technique to Co/graphene/
Co junctions, obtaining an MR of 1% at 1.5 K for a two-layer
graphene junction.* In a related experiment, Dlubak et al.’3
measured MR in a nickel/graphene/Al,0,/Co heterostructure,
using the known majority-spin Al,O,/Co interface as the spin
analyzer for the nickel/graphene interface. Their results con-
firmed the prediction of minority spin filtering by showing a
lower resistance in the antiparallel state than in the parallel
state. Assuming a literature value of 32% spin polarization at
the Al,05/Co interface, they extracted a spin polarization of
16% at the nickel—graphene interface.

1.3 SILICON SPINTRONICS

In this section, we focus on silicon spintronics®* and show
how graphene tunnel barriers can make a significant improve-
ment in this field by reducing resistance area products and
eliminating interdiffusion between the FM metal contact and
the silicon. There are many examples of semiconductor spin-
tronic devices.!>!¢18 We focus here on silicon (Si) because of
its technological importance as the backbone of modern elec-
tronics and because its low atomic mass and crystal inver-
sion symmetry result in very small spin—orbit interactions and
long spin lifetimes.

In 2007, several studies showed the first proof of spin-
polarized injection into silicon using vertical transport
structures. Applebaum et al. used a hot electron transistor to
inject spin-polarized electrons into a silicon base layer and
showed multiple precessions of this electron spin by apply-
ing an external magnetic field.3 Jonker et al. used a Si spin-
light emitting diode (LED) to confirm electrical spin injection
from a Fe/Al,O, tunnel barrier into Si.> In that experiment,
the magnetic tunnel contact was fabricated on top of an epi-
taxially grown Si n-i-p LED. The circular polarization of the
light emitted from this type of LED can be used as a measure
of the electrical spin polarization.’” Spin-polarized electrons
injected into the LED will recombine with unpolarized holes,
and the circular polarization of the emitted light is directly
related to the spin polarization of the injected electrons, thus
providing unambiguous evidence of spin-polarized electron
injection and transport in Si. From the magnitude of circular
polarization, an initial electron polarization of 30% was cal-
culated at low temperature.

Van ’t Erve et al. were the first to demonstrate lateral trans-
port of pure spin current in Si in 2007 using a fully electri-
cal scheme of injecting and detecting spin polarization in the
diffusive transport regime.’®> In that work, Fe/Al,O, tunnel
contacts were employed in a four-terminal (4T) nonlocal spin
valve geometry to generate and detect the flow of pure spin
current. Here two sets of contacts are used: one set is used to
inject spin-polarized electrons into Si by applying a DC bias
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current. The other set of electrodes, used to detect the electron
spin accumulation, is placed outside of the charge current
path. Electron spins will diffuse from an area with high spin
polarization to an area with low spin polarization without the
need for an electric field, generating a pure diffusive spin cur-
rent. If the second set of electrodes is placed within a few
spin diffusion lengths of the injecting contact, a voltage will
appear on these electrodes caused by the splitting in electro-
chemical potential for spin up and spin down electrons. The
authors showed both nonlocal spin valve and nonlocal Hanle
precession using Fe/Al,O, tunnel barriers on molecular beam
epitaxially grown Si channels, thereby using a fully electrical
scheme to inject and detect electron spin in Si.

In 2009, Dash et al. used a technique where a single FM
tunnel barrier contact was used to simultaneously inject and
detect electron spin polarization in Si up to room temperature,
using the contact geometry of Figure 1.11a and b.%° This geom-
etry employs two reference contacts with the FM tunnel bar-
rier and is referred to as the “three terminal” (3T) geometry.

I, \Y%
(b) ias ~ 3T
| \7
1 > 3
NiFe
Ti/Au - = Ti/Au

I Silicon substrate I

(©

R

tunnel

Rsubstrate \

No current

®

ohmic

FIGURE 1.11 (a) Conceptual diagram of three-terminal (3T) mea-
surement, magnetic field is applied in the z-direction. (b) Schematic
diagram of 3T measurement, current is applied from nonmagnetic
contact 1 to magnetic contact 2. The 3T voltage is measured across
the magnetic contact 2 and the nonmagnetic reference contact 3. (c)
Discrete component equivalent, indicating the tunnel resistance, the
substrate resistance, and the ohmic contact resistance.
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In contrast with 4T nonlocal measurements, 3T measurements
enable one to focus on and probe the characteristics of the spin
system in the semiconductor directly beneath the spin-inject-
ing contact. The magnetic contact interface is likely to intro-
duce additional scattering and spin relaxation mechanisms not
present in the bulk. Understanding the physics underneath the
spin injecting contact is important. The region of the semicon-
ductor directly beneath the contact is a necessary part of spin
devices and is expected to be a critical factor in any future spin
device performance. Also, the geometry of a 3T measurement
makes these devices much easier to fabricate.

1.3.1  MEASURING SPIN ACCUMULATION

We begin with a more detailed description of the 3T geometry
used in measuring spin accumulation. Spin accumulation and
precession directly under the magnetic tunnel barrier contact
interface can be observed using a single contact for both spin
injection and detection with the 3T Hanle measurement.®' This
measurement uses three contacts as shown in Figure 1.11a and
b. Contacts 1 and 3 are nonmagnetic ohmic contacts, typi-
cally Ti/Au, and contact 2 is a magnetic tunnel contact and
can be anything from FM/AL,0,, FM/MgO, FM/SiO, to, as
we will show here, FM/graphene. Spin injection occurs when
a bias current is applied from contact 2 to contact 1 and a
spin accumulation develops underneath contact 2. This spin
accumulation results in a spin splitting of the chemical poten-
tial, which is manifested as a voltage at the FM tunnel bar-
rier contact 2 relative to reference contact 3. As can be seen
from the resistor equivalent circuit (Figure 1.11c), no current
is flowing from the tunnel contact to the reference contact 3.
This geometry has an advantage over a two-probe measure-
ment in that it eliminates the magnetotransport effects of the
substrate. The dominant voltage drop is across the barrier and
this voltage depends on the spin accumulation on the semi-
conductor side.%?

The spin accumulation in the Si caused by injection of spin-
polarized electrons can be described by the splitting of the
spin-dependent electrochemical potential, AW = L, — Wyoun-
The measured 3T voltage is a function of this spin-dependent
electrochemical potential. When a magnetic field B, is applied
perpendicular to the electron spin direction (along the sur-
face normal, Figure 1.11a), the spins start to precess at the
Larmor frequency ®, = gl B,/h, resulting in a reduction of
the net spin accumulation to zero due to precessional dephas-
ing (Hanle effect).®* Here, g is the Lande g-factor (g =2 for
Si), Ug is the Bohr magneton, and 7 is the reduced Planck’s
constant. AV, =YAU/2e, where Y~ 0.4 is the tunneling spin
polarization of the FM tunnel contact (i.e., the tunnel current
has a spin polarization of 40%) and e is the electron charge.
The magnitude of the voltage AV,(B,) decreases with B, with
an approximately Lorentzian lineshape given by

AVir(0)

AV B)= L ot

(1.1)

and the spin lifetime, T, is obtained from fits to this line shape.
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1.3.2 CoNDpucTIVITY MISMATCH

Injecting spin-polarized electrons into Si is not trivial. Owing
to what is known as the “conductivity mismatch” problem,*
one cannot simply create spin polarization in the semiconduc-
tor using an FM contact in the ohmic regime. Because the
conductance of the Si is much less than that of the metal, the
Si limits the current flow. Thus, equal amounts of majority
and minority spin current flow into the Si from the FM, and
no spin accumulation will be created on the semiconductor
side. By separating the high conductivity of the metal from
the semiconductor using a spin-dependent interface resis-
tance, such as a tunnel barrier, one can overcome this prob-
lem. A tunnel barrier that is used extensively for MTJ devices
is aluminum oxide. This barrier has been well studied and
Al O, tunnel barriers are routinely used in research-grade and
commercially available MTJs and are thus a good test system
for spin-dependent measurements.

1.3.3 SpIN INJECTION REFERENCE EXAMPLE:
AL,O; TUNNEL BARRIER

Here, a 1.5-nm-thick Al,O, layer is grown in situ on Si by a
two-step natural oxidation process. A uniformly doped n-type
Si wafer (n-doping 3 x 10'°) was first etched in HF acid and
rinsed in deionized water to remove the thin native oxide and
create a hydrogen-passivated surface. The sample was placed in
a vacuum chamber and briefly exposed to dry O, to ensure that
a layer of 0.5 nm of polycrystalline Al would wet this surface.
This layer was oxidized at 100 mTorr partial pressure of O, for
15 min, and a second 0.5 nm layer of Al was deposited and oxi-
dized to get a total Al,O, thickness of ~1.5 nm. A 100 A layer
of NiFe was subsequently grown and then capped with 1000 A
of gold. The Al,O; layer provides the necessary interface resis-
tance to overcome the conductance mismatch. Previous work
has demonstrated that electron spin polarizations of at least
30%, corresponding to NiFe majority spin, can be expected by
electrical carrier injection from such contacts.®

1.3.4 IV CHARACTERIZATION

Figure 1.12a shows the typical nonlinear /-V curve of the
same NiFe/Al,O; tunnel contact on a highly doped Si sub-
strate (n =3 X 10" cm?). The high doping level minimizes
the influence of the depletion region that exists at the Si
interface, and the conductivity of the Si is metallic in charac-
ter. Simmons® and Brinkman®’ showed that, at intermediate
voltages, the current across a metal-insulator-metal contact
is proportional to aV + BV3. The derivative of the contact I-V
curve is typically fit to this parabolic model, and the barrier
parameters, such as barrier height (here 1.3 eV) and barrier
thickness (here 17 A) can be calculated. At low bias voltage,
a zero bias anomaly (ZBA) is seen which is typical for high-
quality tunnel barriers.® A more rigorous test to show that the
transport across the contact comes from tunneling rather than
from parasitic effects, such as pinholes in the tunnel barrier
film, is to measure the temperature dependence of the ZBR.
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FIGURE 1.12 (a) Parabolic dependence of the conductance of an
Al O; barrier. (b) Normalized zero bias resistance versus tempera-
ture.

Previous work has shown that a weak temperature depen-
dence is the definitive test for a pinhole-free tunnel barrier.*?
Figure 1.12b shows the weakly insulating behavior for the
NiFe/Al,0;, demonstrating high-quality tunneling contacts.

3T devices (Figure 1.11a) are fabricated with these tunnel
barriers and placed in a cryogen-free closed-cycle cryostat
equipped with an electromagnet. An out-of-plane magnetic
field is applied and the 3T resistance is recorded. Figure 1.13
shows a typical measurement at 7= 10 K for a NiFe/Al,O4/
n-Si (3 x 10") contact. A small parabolic background sig-
nal with positive magnetoresistance has been removed. The
result is a curve showing a negative magnetoresistance with
a Lorentzian lineshape caused by the dephasing of the spin
accumulation in Si. This is the electrical equivalent of the
familiar Hanle curve we know from optical measurements.5!
This curve can be fit using Equation 1.1, and from this fit we
obtain a spin lifetime of 130 ps, commensurate with values
reported in the literature on similar devices.%%-2

1.3.5 GRAPHENE AS A TUNNEL BARRIER ON SILICON

These measurements using Al,O; tunnel barriers with known
spin injecting properties illustrate the great potential of inject-
ing spin-polarized carrier into Si. However, Al,O; and other
metal-oxide-based tunnel barriers have a serious drawback.



12

80 T T

—— 3T voltage
— Fit

3T resistance (mQ)

T=10K

-20 I I I
—4000 —2000 0 2000

Magnetic field (Oe)

4000

FIGURE1.13 3T Hanle measurement for NiFe/Al,0,/n-Si (3 x 10')
at 10 K.

By the time they are thick enough (~1 nm) to be pinhole free,
they are also too resistive to yield useful spintronic devices. To
overcome this problem, we need to look elsewhere and under-
stand exactly what we need in a tunnel barrier. An ideal tun-
nel barrier should exhibit several key material characteristics:
a uniform and planar habit with well-controlled thickness,
minimal defect/trapped charge density, a low resistance—area
product for minimal power consumption, and compatibility
with both the FM metal and semiconductor of choice, ensur-
ing minimal diffusion to/from the surrounding materials at
temperatures required for device processing.

Metal Schottky barriers and oxide layers are susceptible
to interdiffusion, interface defects, and trapped charge, which
have been shown to compromise spin injection/transport/
detection. FM metals readily form silicides even at room tem-
perature,” and diffusion of the FM species into the Si creates
magnetic scattering sites, limiting spin diffusion lengths and
spin lifetimes in the Si. Even a well-developed and widely uti-
lized oxide such as SiO, is known to have defects and trapped
or mobile charge that limit both charge and spin-based per-
formance. Such approaches also result in contacts with high
resistance—area products (RA).

Graphene offers a compelling alternative. Although it
is very conductive in plane, it exhibits poor conductivity

Graphene
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perpendicular to the plane. Its sp? bonding results in a highly
uniform, defect-free layer, which is chemically inert, ther-
mally robust, and essentially impervious to diffusion. These
qualities ensure minimal diffusion to/and from the surround-
ing materials at temperatures required for device processing.
A single monolayer provides a much lower RA product than a
film of any oxide thick enough to prevent pinholes, while suc-
cessfully circumventing the conductivity mismatch between a
metal and a semiconductor.

1.3.6  GRAPHENE SAMPLES

Graphene was synthesized via low-pressure CVD on a copper
foil substrate using methane gas.*? The typical grain size of
the graphene films is several hundred microns. The graphene/
Cu samples were coated in PMMA” and the Cu was etched
in an ammonium persulfate-based solution.”” The remaining
graphene/PMMA films were transferred in a deionized water
bath onto hydrogen-passivated n-type silicon (001) substrates
(n=6x10" and 1x 10" cm™3). The PMMA was removed
with acetone. The quality of the graphene was assessed
using Raman spectroscopy’®—the absence of the “D” line
(~1350 cm™) associated with defects and the widths and ratios
of the “G” (~1580 cm™) and “2D” (~2700 cm™) lines confirm
that the graphene is of high quality with minimal defects.

The graphene was patterned using PMMA (50 nm) deep-UV
photolithography”” to minimize residues left by conventional
processing with Shipley photoresist and etched with oxygen
plasma. The PMMA was exposed in a mask aligner to a 193 nm
ArF excimer laser source at a dose of 900-1000 mJ/cm?.
Subsequent developing was 60 s in 100% MIBK at room tem-
perature. A brief oxygen reactive ion etch was used to remove
all graphene not located within the desired tunnel barrier mesa.
The conducting edges of the graphene mesa were buried in a
layer of sputter-deposited Si;N,. Nig,Fe,, was then deposited by
e-beam evaporation or sputtering onto the graphene through
vias in the Si;N,, defining the spin-polarized contacts, followed
by another layer of Si;N,, and the device was finished with the
electron-beam evaporation of ohmic Ti/Au contacts and bond
pads (see Figure 1.14). The dimensions of the contacts are typi-
cally 40 x 40 pum?.

Figure 1.15 shows the /-V curve of a contact with and
without graphene on n-type Si (6 x 10"). This highly doped

Nig,Fe,,

Graphene

n-silicon

FIGURE 1.14 Schematic and cross section of the samples. (a) Monolayer graphene serves as a tunnel barrier between the FM metal contact
and the Si substrate. Contacts 1 and 3 are ohmic Ti/Au contacts. (b) The contact is designed so that the edges of the graphene are embedded
in the SiN insulator, preventing conduction through the graphene edge states which would short out the tunnel barrier.
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FIGURE 1.15 (a) A nonlinear /-V curve of a NiFe/graphene/n-Si
(6 x 10') contact at room temperature. The inset shows the dI/dV
curve measured with standard lock-in techniques. (b) -V of simi-
lar contact without graphene. (c) Temperature dependence of the
zero bias resistance is shown to be weakly insulating for the NiFe/
graphene/n-Si (6 x 10'"%) and metallic for the NiFe/n-Si (6 x 10')
contact.

(metallic) Si substrate is a good test substrate for these gra-
phene contacts. The I-V curve for the contact without gra-
phene, shown in Figure 1.15b, is completely linear, as is
expected for this type of ohmic contact. However, the inclusion
of a single layer of graphene completely changes the nature of
this contact and a nonlinear /-V curve is observed. The inset
in Figure 1.15a shows the conductance versus voltage mea-
sured directly with a lock-in amplifier. The conductance shows
the quadratic behavior associated with tunnel barriers, albeit
somewhat asymmetric due to the drastically different contacts
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on either side of the tunnel barrier and the effect of the deple-
tion width that exists even in 6 x 10"°-doped Si.

As described earlier, the temperature dependence of the
ZBR provides insight into the quality of the tunnel barrier.*®
This measurement is shown in Figure 1.15¢.

The resistance of the ohmic contact decreases with decreas-
ing temperature reflecting the metallic nature of the 6 x 10"-
doped Si substrate and the contact. In contrast, the contact
with a single layer of graphene shows a weak insulating-like
temperature dependence, the definitive test for a pinhole-free,
high-quality tunnel barrier.*

These samples are then placed in a small out-of-plane
magnetic field (<0.5 T) and the 3T resistance is recorded, as
described earlier. Figure 1.16 shows the room temperature
spin resistance of a NiFe/graphene/n-silicon (1 x 10'°) sam-
ple after removal of a weak quadratic background. The data
exhibit a negative magnetoresistance with the Lorentzian line-
shape indicative of Hanle spin precession. Spin accumulation
underneath a spin-injecting contact will depolarize in an out-
of-plane magnetic field, following a Lorentzian line shape, as
in Equation 1.1, just as observed here. Using Equation 1.1 to
fit the data in Figure 1.16, we obtain a spin lifetime of 180 ps.
This result confirms the spin-injecting properties of the NiFe/
graphene contact.

When using 3T measurements, one needs to take extra care
in ruling out spurious effects that might be causing this magne-
toresistance.”® Typical magnetoresistance effects like the ordi-
nary magnetoresistance effect (OMR) and resistance changes
caused by Lorentz forces acting on the moving electrons have a
positive magnetoresistance and these have been removed with
the quadratic background removal. A known source for nega-
tive magnetoresistance with a similar lineshape is weak local-
ization (WL). Here, an out-of-plane magnetic field dephases
time-reversal paths of weakly localized electrons and these
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FIGURE 1.16 Hanle spin precession measurements, graphs are
offset for clarity. Room temperature Hanle data for spin injection
NiFe/graphene/Si (1 x 10"°). Also shown are the control samples:
nonmagnetic/graphene/Si (1 x 10") and NiFe/Si (1 x 10") measured
at 10 K.
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no longer interfere with themselves, thus reducing resistance.
WL has been observed in bulk Si, thin Si films, and inversion
layers,””-8! but is only seen at low temperatures. The data in
Figure 1.16 was measured at room temperature, so should be
unaffected by WL. To rule out WL completely, however, a
control sample was fabricated identical to the one discussed
earlier, except the NiFe is replaced by Ti/Au. We measured this
contact at low temperatures where the MR effects should be
the highest (black curve in Figure 1.16) and saw no observable
effects, thus completely ruling out WL as the cause of the
observed magnetoresistance.

The geometry of the 3T devices is such that it is, in princi-
ple, possible to measure local Hall effects.?>83 Here stray fields
from the magnetic contacts due to geometry or roughness can
exert a Lorentz force on moving electrons, altering the elec-
trons’ path and changing the resistance with field. However,
the stray fields should follow the out-of-plane magnetics of a
thin magnetic film (100 A) of NiFe, which is a magnetic hard
axis with a saturation magnetization of 1.1 T. Even if there
were a slight angle to the out-of-plane magnetic field, caus-
ing the magnetization to rotate in-plane, a hysteretic behav-
ior would be observed in the local Hall effect. We observe a
single peak centered around zero magnetic field that saturates
at ~1500 Oe. Nonetheless, a control sample was made. NiFe
was deposited directly on Si, and should show all of the same
local Hall effects, since the stray fields are identical. Although
NiFe/Si (1 x 10") forms a Schottky contact and spin-polarized
electrons could, in principle, tunnel across this barrier, silicide
formation and diffusion of metallic ions from the NiFe occur
without the graphene as a diffusion barrier. Spin scattering
by these impurities suppresses spin injection for this contact.
This measurement is shown at the bottom of Figure 1.16. Even
at low temperatures, where the effect should be largest, there
is no observable local Hall effect. Similar arguments can be
made for AMR effects®* and tunnel AMR effects (TAMR).8
AMR effects should be manifested in the NiFe/Si control
sample and have been actively suppressed by adding a 1000-A
gold layer on top of the 100-A NiFe layer to shunt any of the
spreading currents that might cause AMR. Both AMR and
TAMR should follow the out-of-plane magnetization of the
NiFe, which is clearly not seen in the measurement.

It has been shown for some combinations of magnetic
material and high-resistance tunnel contacts that the spin
accumulation actually occurs in the tunnel barrier rather than
in the semiconductor due to a two-step tunnel process.3® Even
though the graphene/Si contact is a low-resistance tunnel bar-
rier and two-step tunneling is unlikely, it is still possible that
the spin accumulation occurs in traps at the graphene/Si inter-
face. The best way to prove that spin accumulation occurs
in Si and not in states inside the graphene tunnel barrier is
to change the properties of the Si, by, for instance, changing
the carrier concentration of the Si substrate. From the elec-
tron spin resonance (ESR) literature on Si,?”-% we know that
spin lifetimes in Si depend strongly on dopant concentration,
decreasing with increasing dopant density. We therefore made
several 3T devices on Si substrates with doping concentra-
tions that range from 3 x 10 to 6 x 10". For each of these
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FIGURE 1.17 Spin lifetimes obtained from 3T Hanle measure-
ments at 10 K as a function of the Si electron density for the tun-
nel barrier materials indicated and different ferromagnetic metal
contacts (Fe, CoFe, and NiFe). The symbol shape distinguishes the
tunnel barrier material: triangles—SiO,, circles—Al,O;, squares—
MgO, and stars—graphene. Solid symbols correspond to devices
with Ni,¢Fe,, contacts, half-solid symbols to Fe contacts, and
open symbols to Co,4Fe,, contacts. The spin lifetimes show a pro-
nounced dependence on the Si doping level and little dependence on
the choice of tunnel barrier or magnetic metal.

carrier concentrations, we measured the spin lifetime of sev-
eral devices with different tunnel barriers and different FM
contacts. These data are summarized in Figure 1.17, where we
plot the spin lifetime at 10 K obtained from 3T Hanle data on
n-Si as a function of electron density for four different tunnel
barrier materials (graphene, Al,O5, SiO,, and MgO) and three
different magnetic metal contacts (Fe, CoFe, and NiFe). The
spin lifetime measured with the 3T Hanle geometry shows a
clear dependence only on dopant density, and the dependence
is consistent with literature ESR data on bulk Si. The spin
lifetime is completely independent of the tunnel barrier mate-
rial or magnetic metal used for the contact. The values for the
graphene tunnel barriers fall directly on the curve. These data
confirm that the spin accumulation occurs in the Si and not in
the graphene or possible interface trap states.

1.3.7 IMpPORTANCE OF Low RA ProbucTs

In addition to good spin properties, a spin contact must also
exhibit a low conventional RA product. This is important for
any future spintronic device, such as a spin-FET (Figure 1.4).
A spin-FET has magnetic contacts, one spin injector and one
spin detector. In order for the spin-FET to function properly,
a significant local magnetoresistance is essential. To observe
any local MR, the conventional RA product of these contacts
has to be within a narrow window. This window depends
upon the Si channel conductivity, the spin lifetime, the contact
spacing (e.g., the spin transistor gate length), and the contact
Width.62’90’91

In Figure 1.18, we calculate the local MR as a function of
the RA product and electron concentration using the model of
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FIGURE 1.18 RA product window for local magnetoresistance.
Calculation of the local (two terminal) magnetoresistance as a func-
tion of the contact’s conventional RA product and the Si electron
density for the device geometry shown in the inset, using the theory
of Reference 60. The data points are the RA products measured for
our FM metal/tunnel barrier/Si contacts using 2 nm SiO, (triangles),
1.5 nm AlO, (squares), and monolayer graphene (circles) tunnel bar-
riers prepared from identical Si wafers in our lab. The FM metal/
graphene RA products fall within the window of useful MR values.
W=w=11 nm.

References 62 and 91 and the contact geometry shown as the
inset in Figure 1.18. The geometric parameters are chosen to
be consistent with the 11 nm node anticipated for Si device
technology within the next 5 years. The maximum obtainable
magnetoresistance occurs in the middle of the colored band.
Tunnel barrier contacts of FM/AlO, and FM/SiO, fabricated
previously in our lab have been shown to produce signifi-
cant spin accumulation in Si (e.g., Figure 1.13) but have RA
products that are too high to generate useable local MR. In
contrast, utilizing monolayer graphene as the tunnel barrier
lowers the RA product by orders of magnitude, and values for
the NiFe/graphene contacts on bulk wafers fall well within the
range required to generate high local MR. Reducing the RA
product also has a positive effect on the electrical properties
of the spin device, as lowering the resistance reduces noise
and increases the speed of an electrical circuit.”?

The 3T devices with graphene tunnel barriers provide
insight into the properties of a spin-polarized electron cur-
rent and spin accumulation that occur directly underneath
the injecting contact. A pure spin current can be generated
in a 4T nonlocal spin valve contact geometry, as illustrated
in Figure 1.19a. In the nonlocal detection geometry, spin-
polarized electrons are injected into the Si from contact 2,
producing both a spin-polarized electron drift/diffusion cur-
rent which flows with an applied bias from contacts 2 to 1, and
a diffusive spin current which flows to the right from contact
2. This pure spin current produces a net spin polarization and
an imbalance in the spin-dependent electrochemical poten-
tial, which is detected as a voltage by the magnetic contact 3

15

relative to the reference contact 4. No charge current flows in
the detection circuit defined by reference contact 3 and mag-
netic detector contact 4, thus excluding spurious contributions
from AMR and local Hall effects. The voltage measured at
contact 3 is sensitive to the relative orientation of the contact
magnetization and the net spin orientation in the Si itself.

We use electron-beam lithography to define the magnetic
contacts. The device shown in Figure 1.19b has a 200-nm and
a 1-um wide contact separated by 200 nm. The magnetic con-
tacts have been used as a hard mask to etch away the graphene
between the electrodes with a mild O, plasma. This is to make
sure that the graphene is used as a tunnel barrier and that the
pure spin current diffuses through the Si channel rather than
the graphene.

At large negative magnetic fields applied along the long
axis of the contacts, the magnetizations of the 200-nm and
1-um wide contacts are parallel, and the nonlocal resistance
is at a maximum. As the field is increased, the 1 um con-
tact switches, resulting in an antiparallel orientation and a
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FIGURE 1.19 (a) Schematic of nonlocal measurement: A current
is applied from contact 2 to 1. The voltage is measured outside of
the charge path across contacts 3 and 4. (b) SEM image of two inner
contacts (2 and 3) on Si/graphene nonlocal device; dashed line indi-
cates the active area. (c) Nonlocal resistance versus in-plane mag-
netic field measured using lock-in techniques. Clear parallel and
antiparallel magnetic states are observed.
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minimum in the nonlocal resistance. As the field increases
further, the 200-nm contact also switches, so that the contact
magnetizations are again parallel, and the nonlocal resistance
returns to its maximum value. The sequence is reversed as the
magnetic field is swept from positive to negative. The maxi-
mum resistance change is ~2.5 m€2, close to the value that has
been observed previously with MgO barriers.”7?

1.4 SUMMARY

In this chapter, we have shown the unique role that graphene
can play in the field of spintronics as a tunnel barrier. We have
shown that while graphene exhibits metallic conductivity in-
plane, it serves effectively as an insulator for transport per-
pendicular to the plane and provides the first demonstration
of two potential applications. First, we showed how a single
layer of graphene could be used as an atomically thin tun-
nel barrier in a MTJ, preserving the spin polarization of the
electrons while providing thickness control unattainable with
traditional oxide tunnel barrier materials. We have measured
out-of-plane transport through a single layer of graphene by
fabricating metal-graphene—metal junctions using two FM
metals in an MTJ structure. We observed spin-polarized elec-
tron tunneling, clearly measureable even above room tempera-
ture. Second, we demonstrated the use of graphene as a tunnel
barrier for spin injection into a Si channel. The spin injection
resistances achieved are three orders of magnitude lower than
for comparable oxide tunnel barrier contacts and fall within a
critical window of values required for practical devices. These
results enable realization of semiconductor spintronic devices
such as spin-based transistors, logic, and memory.
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ABSTRACT

The compressive strength of composites in the form of a poly-
mer fiber, such as Kevlar, with a thin outer layer of multi-
layered graphene was investigated and modeled. Polymer
chains of Kevlar are linked into a locally planar structure by
hydrogen bonds across the chains, with transversal strength
considerably weaker than a longitudinal one. This suggests
that introducing an outer enveloping layer of graphene, linked
to polymer chains by strong chemical bonds may signifi-
cantly strengthen the Kevlar fiber with respect to transversal
deformations. Such a composite structure may be fabricated
by introducing strong chemical bonds linking together the
fiber and graphene sheets. Chemical functionalization of gra-
phene and a polymer fiber may be achieved by modification
of appropriate surface-bound functional (e.g., carboxylic acid)
groups on their surfaces. We studied the elastic response of
the composite fiber to the unidirectional in-plane applied load
with load peaks along the diameter. The 2D linear elastic-
ity model predicts that significant yield strengthening occurs
when the radius of graphene outer layers is about 4% of the
Kevlar yarn radius, assuming that graphene layers are strongly
linked together to form an isotropic structure. In case of weak
interlayer graphene coupling, weaker yield strengthening is
predicted by the model (however, the fiber may still be held
together by the enveloping graphene layer even beyond the
fiber yield limit).

2.1 INTRODUCTION

The discovery of graphene [1] and graphene-based polymer
nanocomposites has shown many unique properties such
as the quantum Hall effect, high carrier mobility at room

temperature, large specific surface area, superior optical
transparency, high Young’s modulus, and exceptional conduc-
tivity [2]. Graphene-based polymer nanocomposites represent
one of the most technologically promising developments to
emerge from the interface of graphene-based structures and
polymer materials. However, there are still many challenges
that must be addressed for these nanocomposites to achieve
their full potential. The preparation methods of polymer
nanocomposites depend on the polymer molecular weight,
polarity, hydrophobicity, precursors, reactive groups, solvent
viscosity, and other [3].

There are three basic pathways for incorporating the poly-
mer at the core of the host-layered materials. In the in situ
intercalative polymerization method, graphene or modified
graphene is first swollen within the liquid monomer. The
appropriate initiator is added and polymerization is initiated
either by heat or radiation [4]. A large number of polymer
nanocomposites have been prepared in this method, that is,
polystyrene/graphene, poly-methylmethacrylate (PMMA)
expanded graphite (EG), polystyrene sulfonate-layered
double hydroxide, polyimide, polyethylene terephthalate
(PET), etc. [5-8]. In the solution intercalation method, the
polymer or prepolymer was dissolved in the solvent system
and graphene or modified graphene layers were allowed to
swell [9]. Graphene or modified graphene is dispersed in a
suitable solvent like water, acetone, chloroform, tetrahydro-
furan, dimethyl formamide, or toluene; then the polymer
adsorbs on to the delaminated sheets, and finally the solvent
is evaporated [10]. The polyethylene-grafted maleic anhy-
dride graphite polymer nanocomposites [11], epoxy/layered
double hydroxide (LDH) [12,13], polystyrene—graphene
[14], polypropylene—graphene [15], polyvinyl alcohol-
graphene [16], polyvinylchloride—carbon nanotubes [17],
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ethylene vinyl acetate LDH [18], etc., have been prepared by
this method.

Polyurethane was used as the interlayer between the
Kevlar fiber and carbon materials to bind the carbon materi-
als to the Kevlar fiber [19]. The graphene nanoribbons onto
Kevlar fibers were fabricated through layer-by-layer spray
coating. These flexible coated Kevlar fibers have the poten-
tial to be used for conductive wires in wearable electronics
and battery-heated armors. Zhang et al. [3] prepared PET/gra-
phene nanocomposites using the melt-compounding method.
Polycarbonate (PC)/graphene nanocomposites with function-
alized graphene sheets (FGS) nanocomposites were prepared
by the melt-compounding method [21]. The tensile modulus
of the PC/FGS nanocomposites was higher than that of the
neat PC. Polyvinylidene fluoride (PVDF)/graphene nanocom-
posites were prepared from graphene oxide (GO) and EG by
solution processing and compression molding [4]. The thermal
stability of PVDF/FGS nanocomposite was higher than that
of PVDF/EG nanocomposite. The mechanical properties of
both the composites were higher than that of the neat PVDF.

Wang et al. [22] prepared poly(e-caprolactone)-GO
nanocomposites using the in situ polymerization method.
These nanocomposites showed excellent mechanical prop-
erties and robustness under bending. Liu et al. [23] fab-
ricated GO-reinforced epoxy resin nanocomposites by
transferring GO from water to acetone. Incorporation of
1 wt% of GO showed a significant improvement in flexural
strength, flexural modulus, impact strength, and storage
modulus. Poly(lactic acid)—graphene nanocomposites were
prepared using the response surface method [24], which
showed that graphene loading had a significant effect on
tensile strength.

Reinforced polymer fibers have been studied intensively in
search of superior fabrics for a broad range of applications,
including bulletproof vests, protective clothing, and high-
performance composites for aircraft and automotive indus-
tries [25,26]. For most structural materials, the compressive
strength is much greater than the tensile strength. Fiber-
reinforced composites are among a few materials that exhibit
greater tensile strength than compressive strength. This
behavior results from the fiber microbuckling compressive
failure mechanism in fiber composites. Static compressive
strengths of unidirectional composites have been studied by
several research groups in the past few decades [27-30].

A major step forward in the protection of personnel
against ballistic threats has been achieved by the introduc-
tion of Kevlar synthetic fibers and textiles. The most common
approaches for the fabrication of reinforced composite fibers
have been melt processing and solution coagulation spinning
[31,32]. Kevlar fibers are produced by wet-spinning from sul-
furic acid solutions [33]. While in an acid solution, Kevlar
forms a liquid crystalline phase, with rod-like polymer chains
well aligned parallel to each other, and bonded by hydrogen
bonds across to form strong planar sheets [34]. Such sheets
are stacked radially to form a Kevlar fiber. As a result, the
fiber is much stronger with respect to longitudinal deforma-
tions than to transversal deformations.
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On the other hand, the carbon nanotubes (CN) and gra-
phene sheets (GS) have been proposed as one of the most
promising additives for the fabrication of ultrastrong poly-
mer composites due to their advanced mechanical properties
[9,35]. It is well known that CN and GS have Young’s mod-
ulus and tensile strength above 1 TPa and 60 GPa [36-40],
respectively, while their densities can be as low as 1.3 g/cm?.
They may exist as single-layered or multilayer structures. It is
possible to harness the multifunctional properties of graphene
sheets and design a novel class of advanced composites with
superior mechanical and electric performance [40,41]. Thus,
various polymeric—CN and polymeric—GS composites and
their chemical functionalizations have become a subject of
intensive research and technological development over the last
few years [42,43]. Recently, a significant mechanical enhance-
ment of Kevlar fibers has been demonstrated by incorporation
of surface-modified carbon nanotubes achieved by using the
N-methylpyrrolidone (NMP) solvent [44,45]. The maximum
values observed were for Young’s modulus 115-207 GPa;
yield strength 4.7-5.9 GPa; strain at break 4.0-5.4%; and
toughness 63-99 J/g [44].

In this chapter, we present the 2D linear elasticity model
to predict the mechanical properties of the Kevlar fibers
reinforced by depositing an outer shell of graphene, rig-
idly attached to the Kevlar fiber through chemical bonds.
The graphene outer layer can be formed by soaking a single
Kevlar fiber with graphene dispersed in the NMP solvent.
By using a spinning technique, it will be possible to create a
composite structure by depositing an outer layer of graphene
enveloping the Kevlar fiber. This leads us to hypothesize
that graphene could be incorporated into swelled Kevlar
fibers by soaking fibers in a dispersion of graphene in NMP.
Chemical functionalization of graphene and Kevlar may
be achieved by modification of appropriate surface-bound
functional (e.g., carboxylic acid) groups on their surfaces.
We anticipate that the outer graphene layer enveloping the
Kevlar fiber may stabilize radially stacked hydrogen-bonded
planar sheets, forming Kevlar fibers with respect to transver-
sal deformations.

The main goal of this chapter is to model the mechani-
cal behavior of Kevlar—graphene fibers and to predict
the optimal thickness of the outer layer of graphene for
strengthening. We show that within a 2D linear elasticity
model, and taking realistic Young’s modulus and Poisson’s
ratios for transversal deformations, reinforcement starts to
occur when the outer hard shell radius is about 4% of the
Kevlar fiber radius (corresponding to about 8% weight). We
assume that the applied load has a narrow load peak along
the diameter, which we may take to be the Y axis, as shown
in Figure 2.1.

A commercially available Kevlar fiber has a radius of about
6 um. In that case, assuming strongly linked multilayer gra-
phene, we will need about 240 nm of functionalized graphene
for substantial twofold yield strength improvement. At such a
scale, a continuous elasticity model may be used.

Our modeling assumes that graphene flakes envelop the
fiber and are tied up together by covalent bonds, which may



Modeling and Simulation of the Elastic Properties of Kevlar Reinforced by Graphene 21

(@) 5
1
0.5
T o5 7 o
[ —]
Ow
(© G,o
0.04
0.02 |
-10 -05 0 1.0
-0.02 |
—0.04

FIGURE 2.1

(b) _ o
0.5 r 0.5 o/
-1 1
-0.5
-1 LN
ow

(a) Applied force per unit transverse area, as a function of polar angle. Force is in the Y direction and is nonzero in an interval

of width 6w = (m/16) centered at 0 = £(n/2); (b) G,, is component of material stress on the outer boundary, as a function of the polar angle 6;
(c) 0,4 is component of material stress on the outer boundary, as a function of the polar angle 6.

be achieved by graphene functionalization. In the presence of
strong interlayer covalent bonds, we may assume that bonded
graphene flakes will have high Young’s modulus and tensile
strength in all directions, and we can model it by an isotro-
pic continuous model. Our model also allows us to investigate
anisotropic material. Our computation shows that if interlayer
coupling is weakened, yield reinforcement drops, as a normal
load is more easily transferred to the fiber inside graphene
layers. In particular, there is no significant reinforcement by a
thin outer layer when elastic constants are those of graphite,
which has much softer response to load in the direction nor-
mal to the layers.

We note that if reinforcement is insufficient and stresses
in the fiber are above the fiber yield limit, the fiber may
experience plastic response. However, even if that is the
case, but strong enveloping outer graphene layers do not
disintegrate, the composite fiber may still survive and not
break apart, being contained by strong outer graphene shell.
For investigation of such a high load, a high displacement
regime has to go beyond the linear elasticity model investi-
gated here.

2.2 SOLVING ANISOTROPIC
ELASTICITY EQUATIONS

Linear elasticity is mathematically well developed and
widely used. There are many excellent references, for
example, Reference 46. In case when elastic properties in
the fiber cross section are isotropic, the solution of elas-
ticity equations is given in terms of the Airy function in
Reference 47. In anisotropic case, we will solve elasticity
equations in terms of displacements, given in the polar
coordinates (r, 0):

u = (u,,uy). 2.1

We assume that u(0) =0. We expand displacements, as
well as strains and stresses, in the Fourier series with respect
to the polar angle

oo

U, = Z 4,(r.m)e™, g = Z do(rm)e™, 2 =—1. (2.2)

m=—oo m=—oo

Hook’s law for an orthotropic material yields stresses in
terms of the strains:
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here, iy = (d/dr)ii,,c.p are stiffness constants in the ortho-
tropic case.
Elasticity equations are given by

., UnG,y+6,-0
G;r+ 0 r 06 :O,
r

Q.4

A UnGgy +26
Olg+— 02200 .

r



22

In terms of displacements, those equations are
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We pick a small radius r,. Let @, i = 1,... 4 be solutions of
Equation 2.5 with the initial condition ®;(r)) = e;, where e, are

standard basis vectors in R* (i.e., e; is a column vector with 1
in position i and 0 elsewhere). Basis solutions @, can be com-
puted by iteration (with e; being the initial approximation) or by
numerical Runge—Kutta methods. Iterative solution will have
logarithmic terms in 7, not just powers of r or (1/r). It can be seen
that @, and @, are the solutions regular at » = 0, in the sense that

Iim lim ®,((1+¢e)r,m)=e;.

=0+ m—0+

2.6)

We take region 1 to be the fiber region, x> +y* < R, and
region 2 to be the outer reinforcing ring, R} < x*+y* < R3.In
region 1, a solution of Equation 2.5 is a linear combination of
@, and ®,, computed using the stiffness constants of region 1:

2
OV (r,m) = 2 (@ (r,m), m=0,£1,%2,... (27
i=1

(we indicate the region by a superscript in parenthesis). In
region 2, a solution of Equation 2.5 is a linear combination
of all four basis solutions @,, i =1, ... 4, computed using the
stiffness constants of region 2:

4
O (r,m) = zﬁ,-(m)@?)(r,m), m=0,4£1,%2,... (2.8
i=1
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The sixth unknown constants per mode, ,(m), i=1, ... 4,
x:(m), i=1, ... 2 are found from the following six conditions:

G,,(R,,m),6,4(R,,m)are determined by

loading force per unit area 1,2)
G,,(R;,m),G,4(R,,m) are continous; 3,4) 2.9
u(R,,m),us(R,,m) are continous. (5,6)

Stresses and displacements can be expressed via compo-
nents of @V, @@, and their first derivative with respect to r;
in particular, the stresses are given by Equation 2.3. Thus,
Equation 2.9 is a system of six linear equations for the six con-
stants E(m), i =1, ... 4, x,(m), i = 1, 2, for each of the Fourier
modes m =0, x1, £2,.... Solving the linear system (Equation
2.9), we find those constants, for any external loading. That
gives us functions ®V (r, m), ®? (r, m) (Equations 2.7 and
2.8), which enables us to compute displacements and stresses
(for any external loading).

2.3 ANALYZING SOLUTION

For illustration, we assume that unidirectional transversal
compression is applied along a diameter, in a small neighbor-
hood of points of contact. We assume that the load is uniform
in a small region of contact.

The load we use in our study is shown in Figure 2.1.
Compressing force is applied on the outer boundary in the
(-=Y) direction in a small neighborhood of Y axis intercept,
with an opposite balancing force applied in diametrically
opposite region. Magnitude of the force per transversal to the
Y surface area element, as a function of the polar angle 0, has
narrow peaks centered at 6 = =(1t/2); we take the magnitude
to be constant at such peaks, and we take width of the peak to
be w = (m/16). Outside of the peaks, we take a smooth inter-
polation to a zero value in a small angular region of width
€. Thus, f,, the Y axis projection of the applied force per
transversal to Y area element, as a function of polar angle is
given by

O
2

o T

-1,
2

< ew

£0)=11, e+§ (2.10)

0,0ig <Oy +e

Corresponding stresses applied on the outer boundary, as
functions of polar angle, are

6,,(0) = £,(8)1sinB1sin6,
2.11)
G,6(0) = £,(0)1sinOlcos6;
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/f; as a function of the polar angle 0 is shown in Figure 2.1a.
In Figure 2.1b and c, we plot components of the stress tensor
G, and G,y, induced in the material by such applied load, as
a function of the polar angle; here r, 0 are polar coordinates.
Stress ©,, corresponds to a compression in the vicinity of two
diametrically opposite points on the Y axis. Stress G, rapidly
changes sign at those points, since projection of f, onto the
polar unit vector e4 changes sign.

2.3.1 VoN Mises YiELD CRITERIA

Yield criteria for a broad class of materials may be given in
terms of the Von Mises stress. The Von Mises stress is pro-
portional to the square root of the sum of squares of charac-
teristic values of the trace-free part of the stress tensor. Since
a Kevlar fiber is transversally isotropic and the transversal
yield strength of the Kevlar fiber is much lower than the longi-
tudinal one, we will use a 2D version of the Von Mises stress:

1.0
1.0
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Oy =4/(0 —0,)°40%,.

To illustrate how the Von Mises stress is distributed on the
Kevlar—graphene domain, we plotted the Von Mises stress
(Equation 2.12) on the Kevlar fiber region (Figure 2.2), in the
case when r, = (R,/R,) = 0.96, for various values of anisotropic
stiffness constants of reinforcing multilayered graphene. The
external applied load is along the Y axis and has a sharp peak
of polar angle width (1t/16), as in Equations 2.10 and 2.11. If
multilayers of graphene are linked together into a strong 3D
structure, there is a sharp drop of the Von Mises stress occur-
ring in the stronger outer graphene layer, with a more than two-
fold decrease of stress in the Kevlar fiber compared to the case
of no graphene reinforcement (Figure 2.2a). On the Kevlar
fiber domain, the Von Mises stress is larger in the outmost
region and near the Y axis where the external stress is applied.
There is smaller drop of Von Mises stress in case if multilayers

2.12)

(b) T

1.0

0.5 Oy

FIGURE 2.2 Von Mises stress G,, is shown in the fiber region only, in the case where the ratio of the inner to outer radius (R,/R,) is 0.96.
Applied force per unit area is 1 unit and is a compression along the Y axis; it is applied on the outer boundary within a polar angle inter-
val of width 1/16 centered at 8 = (n/2), with an opposite force applied in the diametrically opposite region. Fiber stiffness constants are
€1 =Cn=28., c,=4.3, ce = 1.85 GPa. Reinforcement graphene layer is (a) isotropic, with stiffness constants c,, = ¢, = 613.6, ¢|, = 68.2,
Ce6 = 272.7 GPa, (b) anisotropic, with softer constants normal to the graphene layers, ¢,, = 306, ¢,, = 613.6, ¢|, = 69, ¢, = 272.3 GPa, and (c)
has stiffness constants of “turbo-g” graphite, ¢,, = 36.5, c,, = 1060, ¢|, = 15, ¢¢ = 0.15 GPa.
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coupling is softer in the direction normal to the layers (Figure
2.2b). If the thin reinforcing layer, r; = (R,/R,) = 0.96, has stiff-
ness constants of graphite, that is, “turbo-g” graphite [48], the
drop in Von Mises stress is very small compared to the case
of no reinforcement; Von Mises stresses in that case are shown
in Figure 2.2c.

Von Mises yield criterion is that yield occurs when o,,,,,
the maximum value of the Von Mises stress G,, taken over the
domain, becomes greater or equal to the critical value yield
Oy;c10» SPecific for the material. For Kevlar, 6,4 = 2.9 GPa for
longitudinal loads, but for transversal loads it is lower (e.g., for
Kevlar/PEKK composite the transversal strength is 21 MPa
[34,49,50]). If Von Mises stress is reduced by the outer rein-
forcing layer, fiber yield strength increases by the same factor
(about twofold increase in the case of strongly coupled gra-
phene layers, r, = (R,/R,) = 0.96; essentially unchanged in the
case of a thin layer of graphite).

For loads exceeding yield limit, it is expected that fiber
response becomes plastic. However, if enveloping reinforcing
layers (either weakly or strongly coupled) do not disintegrate,
the fiber may still not break apart. Detailed investigation of
such a high load case is beyond the scope of the present work,
as nonlinear elasticity theory is required.

2.4 CONCLUSIONS

Strengthening of Kevlar—graphene fibers, with the increase
of thickness of the outer layer of graphene, was predicted by
analyzing solution of equations of 2D linear elasticity.

In the case of tightly bonded graphene layers, results of
computation of Von Mises stress in Kevlar—graphene com-
posite demonstrated a twofold increase in the yield strength
for different transversal loadings, when the outer graphene
shell radius was about 4% (corresponding to about 8% weight)
of the Kevlar fiber radius. Within a linear elasticity model,
reinforcement weakens if transversal bonding of graphene
layers is weakened. Weaker composite fibers may not disinte-
grate even with the onset of plasticity; however, investigation
of such a high displacement regime is outside the scope of
linear elasticity model.

The theoretical results presented here can potentially be
used to guide experimental work and to model strengthening
of other fiber-reinforced composites.
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ABSTRACT facilitate the carrier mobility. The massless carriers, Dirac

Graphene, one of whose lateral sizes is confined to being one-
atom thick, has grabbed enormous attention ever since the
discovery of this atomic thin layer of carbon crystal or poly-
mer which was theoretically proved to be thermodynamically
unstable. Size effects of the other two dimensions were then
found and investigated. To precisely control the planar size of
graphene and chemically convert graphene into nanoribbons
or nanoshapes with regularity remains a challengiein this
field. A few research groups including ours have pioneered
some fundamental work on the size control of this atomic thin
carbon layer, which we will summarize and expand in details
here in this section. Meanwhile, variations in corresponding
properties between different lateral sizes will be depicted.
Furthermore, some unsolved problems preventing further
progress will be illuminated and possible solutions to them
will be given.

3.1 INTRODUCTION

When the lateral size of materials is reduced down to the
critical size of nanoscale, the nanomaterials normally behave
distinctly other than the bulk. For instance, quantum dots,
the nanoscale semiconductor particles, emit photons with dif-
ferent wavelengths upon the same excitation.! This intriguing
variation is termed as the small size effect. Unlike semicon-
ductors, graphene behaves as zero-band gap semiconductor
due to the huge © system in the basal plane which can greatly

fermions, can move without scattering as long as there is no
confinement at the boundaries. Measurements show graphene
has room-temperature mobilities of 10* cm= s~'.2 Meanwhile,
an unusual half-integer quantum Hall effect (QHE) for both
electron and hole carriers in graphene has been observed by
adjusting the chemical potential using the electric field effect.’
In addition, graphene is highly transparent, with an absorp-
tion of only ~2.3% per layer toward visible light.# Its thermal
conductivity, k, is measured with a value of 5000 W mK™!
for a single-layer sheet at room temperature.”> Graphene
also possesses excellent mechanical strength. The intrinsic
mechanical properties of free-standing monolayer graphene
membranes were measured by nanoindentation under an
atomic force microscope.® The breaking strength was found
to be 42 N m™ and Young’s modulus 1.0 TPa, indicating it is
one of the strongest materials ever measured.

Till now, hundreds of papers have revealed a definite rela-
tionship existing between the properties and the morpholo-
gies of graphene, where the morphologies can be ascribed
to both sizes and shapes. The sizes and shapes of graphene
were shown dictating their electrical, optical, magnetic, and
chemical properties. Ever since the finding of graphene by
Novosolov et al.,>2 numerous papers had reported the meth-
odologies to fabricate graphene with various sizes and mor-
phologies as well as how its properties are governed by its
different sizes and shapes. In this chapter, methods to obtain
size-controlled graphene and several cases of graphene nano-
structures with size-dependent properties will be discussed.
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3.2 SIZE CONTROL METHODOLOGY

One prerequisite for specific practical use is the availability of
graphene with appropriate sizes. A few efficient pathways have
been established and applied to certain areas such as devices
fabrication,? biomaterials,” and so forth. Effective methods to
control the size and shape of graphene are initially summarized
in Table 3.1 together with their advantages and disadvantages,
which will be expanded on later. Graphene with different sizes
and shapes will also be discussed and it will be elaborated how
their given size is related to concerned properties.

3.2.1 NANoscALE CUTTING

Sonication is widely used to disperse nanoparticles and cut
nanomaterials down to nanorange in liquid media. Acoustic
waves in liquids can generate small cavitation bubbles; the
cavitation bubble nuclei then quickly grow through rectified
diffusion and coalescence.® After reaching a critical size,
these bubbles collapse violently, creating a strong hydrody-
namic flow field in the surrounding liquid. This phenomenon,
known as cavitation, can explain the efficiency of sonication
in disrupting nanoparticle aggregates and even at exfoliat-
ing or cutting nanomaterials.® Sonication to reduce the size
of graphene oxide (GO) was shown to be remarkably useful.
With the initial GO size of 1.573 um, 4 min of horn sonication
(~400 W) can reduce the lateral size (LS) down to an average
size of 400 nm. Continual sonication brings the size reduc-
ing effect further till a size limit is reached at about 170 nm,
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whose tendency is shown in Figure 3.1. The In(LS/nm) func-
tion (LS stands for lateral size) was further shown to depend
on the In(#/nm) which is in line with the equation

)

Surprisingly, the sonication method can also be used to pro-
duce graphene nanoribbons (GNRs), as reported by Li et al.’
As schematically shown in Figure 3.2, they firstly exfoliated
commercial expandable graphite by 60-s heating to 1000°C
to form gas (3% hydrogen in argon). The resulting exfoli-
ated graphite was dispersed in a 1,2-dichloroethane (DCE)
solution of poly(m-phenylenevinylene-co-2,5-dioctoxy-p-
phenylenevinylene) (PmPV) by sonication for 30 min to form a
homogeneous suspension. Centrifugation was done to remove
large pieces of materials from the supernatant. The GNRs
were solution phase-derived, stably suspended in solvents with
noncovalent polymer functionalization, and exhibited ultra-
smooth edges with possibly well-defined zigzag or armchair-
edge structures. Electrical transport experiments showed that,
unlike single-walled carbon nanotubes (CNTs), all of the sub-
10-nm GNRs produced were semiconductors and afforded
graphene field-effect transistors with on-off ratios of about 107
at room temperature.

Yet sonication methodsinevitably loosely control the aspect
of size distribution as revealed by the long error bar of each
data point in Figure 3.1a. Normally, it is hard to narrow the

LS

ln(
nm

t
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TABLE 3.1

Advantages and Disadvantages of Methods for Controlling the Size and the Shape of Graphene

Method Defect Degree  Repeatability =~ Damage Size Control Layer Control ~ Shape Control  Reference
Nanoscale cutting Low Good Low 100 nm™~! mm No Yes 9,10
Chemical control Medium Poor Medium 10-100 nm No No 11-18
Chemical synthesis Low Good N/A 10 nm—100 um Yes Yes 19-24
Differential separation High Good Very low 10-100 pum No No 31
Density gradient separation High Good Very low 5 nm-5 um Yes No 35,37
@ 0. (b)
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FIGURE 3.1

(a) The lateral size of aqueous GO in the function of sonication duration time under the power of ~400 W. Then the initial size

of GO is approximately 1.573 um. (b) The log of lateral sizes of GO based in e is found having a linear relationship with that of the duration
of sonication. The slope is —0.36 and 6.53 for the intercept. (Unpublished data of the authors of this chapter.)
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FIGURE 3.2 Chemically derived graphene nanoribbons down
to sub-10-nm width. (a) (Left) Photograph of a polymer PmPV/
DCE solution with GNRs stably suspended in the solution. (Right)
Schematic drawing of a graphene nanoribbon with two units of
a PmPV polymer chain adsorbed on top of the graphene via p
stacking. (b to f) AFM images of selected GNRs with widths in
the 50-nm, 30-nm, 20-nm, 10 nm, and sub-10-nm regions, respec-
tively. All scale bars indicate 100 nm. (Reproduced with permission
from Li, X. et al. 2008. Chemically derived, ultrasmooth graphene
nanoribbon semiconductors. Science 319(5867): 1229-32. Copyright
2008, Science Publishing Group.)

distribution as well as to achieve a desirable shape. To control
the shape more precisely without compromising the surface
chemistry, the diamond-edge-induced nanotomy technique
was developed.!® The sharp diamond knife can cut graphite into
graphite blocks of nanoscale with designed shapes; and then,
those graphite blocks are intercalated by solvent and exfoli-
ated forming graphene, which was pioneered by Berry et al.!’
Schematically shown in Figure 3.3, the diamond edge is kept
perpendicular to the graphene planes of the highly oriented
pyrolytic graphite (HOPG), which is subsequently cleaved via
C-C bond stretching and crack formation in the direction of
cleavage. Depending on the desired shape/size, the HOPG is cut
several times, at controlled thicknesses and in different direc-
tions to produce graphite nanostructures of defined dimen-
sions and shape. By this method, various kinds of graphene
with desirable shape and size can be fabricated, including
nanoribbon, -square, -rectangle, and -triangle. Results showed
that the edges of the produced graphene nanostructures were
straight and relatively smooth with an I,/I; of 0.22—-0.28 and a
roughness <1 nm. Further, thin films fabricated from ribbons
exhibited a band gap evolution with width reduction (0, 10, and
~35 meV for 50, 25, and 15 nm width, respectively).” Along
with the effectiveness of achieving designed shape and size,
another advantage of the nanotomy technique is providing a
large density as well as high quality.

3.2.2 CHemicAL CONTROL

The one-atom thin graphene, all of whose atoms are on
the surface, is very reactive and sensitive when exposed to

oxidants or metal catalysts. Oxidants like oxidative acids are
frequently used, including H,SO,, HNO;, HMnO,, and HIO,.
Pan et al.!! have reported a facile approach for cutting gra-
phene into surface-functionalized zero-dimensional graphene
quantum dots (GQDs) under sonication in mixed acids of
H,SO, and HNO,. The functionalized GQDs of approximate
9.6 nm mean size were found to exhibit ~430 nm bright blue
photoluminescence (PL), which has never been observed in
bigger graphene nanostructures.

The size and the edge structure of GO can also be tailored
by the oxidation of periodic acid.”? The edges were verified to
be dominant quinone structures. Under the same excitation
wavelength of 365 nm, samples of S1, S2, S3, and S4, whose
mean size are respectively 43, 22, 13, and 8 nm, displayed a
strong emission peak and the peak shifted from 550 nm of
S1, 526 nm of S2, 488 nm of S3 to 470 nm of S4, indicat-
ing a size-dependent PL behavior.”>? However, when the lat-
eral size of GQDs reduces down to less than 5 nm and GO
is gets fully oxidized, their PL properties become constant,
as shown in Sun’s report. GQDs with different sizes afforded
similar PL which may due to the contained similar small aro-
matic domains.” The domain size was inhomogeneous and
ranged from small aromatic molecules to large macromolecu-
lar domains. The former was responsible for fluorescence in
the visible range, while the latter gave PL in the IR range.
Fujii and Enoki'3 reported a simple approach to produce nano-
sized graphene on the basis of chemical oxidation followed
by cutting of the sheet using a scanning probe microscopic
(SPM) manipulation technique. The linear defects present
in GO were observed to have a spacing of 5-10 nm and a
length of >100 nm, which resulted from the linear arrange-
ment of epoxide functional groups. The cutting experiments
are directly performed on graphene sheets and cutting is ini-
tiated by a point contact between the preoxidized sheet and
the atom force microscope (AFM) probe. The local mechani-
cal stress caused by the point contact leads to rupture of the
sheet, which proceeds linearly along the linear defect of the
epoxide groups. They further noticed that the cut edge shape
could have a well-defined alignment along the zigzag direc-
tion,'* which is based on a theoretical prediction that the lin-
ear epoxide groups have preferential alignment along a zigzag
direction in the graphene lattice.'*

A systematic study of strain-induced breakage of graphene
was promoted by Wang and Ding."* They used ab initio cal-
culations to demonstrate that graphene could be cut into gra-
phene nanoribbon, -rectangle, and -triangle on oxidation with
the assistance of a uniaxial external tensile strain. The exter-
nal strain is used to break the symmetry of the graphene hon-
eycomb lattice and is applied along two directions: armchair
(AM) and zigzag (ZZ). They found with external strain that
the 90° epoxy chain has the highest binding energy and the 0°
has the lowest. Further they claimed that there is an energeti-
cally preferred orientation for the epoxy chains on graphene
if an external uniaxial strain is applied, indicating that linear
defect formation resulting from linear epoxy chain was favor-
able and may benefit cutting graphene into nanostructure of
desirable shape and size.
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FIGURE 3.3 Schematic diagram for the graphene nanoribbon production process. (a) A descriptive sketch of the nanotomy process show-
ing the diamond-knife-based mechanical cleaving of HOPG block to produce GNBs for GNR production. Process parameters: dr = step-size
and 6 v = angle of cleavage. (c) sketch of the two-step nanotomy process to produce GNBs for GQD production. (b,d) GNRs and GQDs
are produced by exfoliating the corresponding GNBs in chlorosulphonic acid (superacid). TEM micrographs of 30 nm GNRs and FESEM
micrographs of GQDs of different shapes (square, rectangle, and triangle). (Reprinted by permission from Macmillan Publishers Ltd. Nat.
Commun., Mohanty, N. et al. 2012. Nanotomy-based production of transferable and dispersible graphene nanostructures of controlled shape

and size. 3: 844, copyright 2012.)

Excepting oxidants, metal atoms and nanoparticles that are
intimate with carbon can be also used for cutting preoxidized
graphene into well-defined shapes.'>!® Typically, Ni nanopar-
ticles were first deposited on HOPG plates by a dip-drawing
process.' Afterward, the sample was annealed at 500°C in Ar/
H, flow (Normally 1300 sccm, 15 vol% hydrogen) for 1 h, and
then the temperature was immediately increased up to the cut-
ting set point (850—-1000°C). By applying a multistage cutting,
they could obtain ribbons, rectangle, rhomboid, and triangle.
Experimental observations and theoretical analysis indicate
that the cutting directions in the graphene planes can be con-
trolled by the size of the metal particles,'® in principle allow-
ing graphene pieces to be cut with discrete armchair or zigzag
edges. It is also observed several turns for the channels during
cutting. All the angles for these turns are 120° or 60°. This
indicates that the particles move, while cutting, along symmet-
ric directions along the graphene lattice.!® This catalyst cutting
method provides a feasible pathway to fabricate size-, shape-,
and edge structure-controllable graphene nanostructures,
which may accelerate their usage in electronic devices.

Shape-controlled graphene, especially one-dimensional
(ID) GNR, can be alternatively fabricated by unzipping a
diameter-selected CNT. Unzipping multiwalled CNTs by
plasma etching of nanotubes partly embedded in a polymer

film, Jiao et al. proposed a facile approach to obtain GNRs
with smooth edges and controllable widths with relative high
yields!” (Figure 3.4a through f). The GNRs have smooth
edges and an arrow width distribution (1020 nm). Raman
spectroscopy and electrical transport measurements reveal
the high quality of the GNRs. The average I,/I; values were,
respectively, 0.38, 0.30, and 0.28 for the single-, bi-, and
trilayer GNRs with 10- to 20-nm widths. Unzipping CNTs
with well-defined structures in an array allow the production
of GNRs with controlled widths, edge structures, placement,
and alignment in scalable fashion for device integration. By
using gas-phase oxidation, pristine few-layer nanoribbons can
be produced by unzipping mildly gas-phase oxidized multi-
walled CNTs using mechanical sonication in an organic sol-
vent.!® The nanoribbons are of very high quality, with smooth
edges, low ratios of disorder to graphitic Raman bands, and
very high electrical conductance and mobility (up to 5 e? h™!
and 1500 cm? V! 8! for ribbons 10-20 nm in width).

3.2.3 CHEMICAL SYNTHESIS

Precise control over graphene is highly demanded nowadays
because it is crucial for probing their fundamental physical
properties and introducing them in promising applications.
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FIGURE 3.4 AFM images of a nanographene film grown on various substrates synthesized under different conditions: (a) on Al,O;, at
525°C, 0.14 Torr, for 3 h; (b) on sapphire, at 500°C, 0.20 Torr, for 4 h; (c) on quartz, at 500°C, 0.20 Torr, for 5 h; (d) on mica, at 525°C,
0.20 Torr, for 4 h; (e) on Si, at 525°C, 0.204 Torr, for 3 h; and (f) on SiC, at 500°C, 0.20 Torr, for 2 h. The plasma power was 100 W in each
case. (With kind permission from Springer Science+Business Media: Nano Res., Catalyst-free growth of nanographene films on various

substrates, 4(3), 2011, 315-21, Zhang, L. et al.)

Considering practical uses that need repeatability and scal-
ability, bottom-up graphene synthesis with precise control
over sizes and chemical compositions has an indispensable
position in the fabrication of fine graphene nanostructures.

Remarkable progress on chemical vapor deposition (CVD)
graphene synthesis has been achieved in the last 10 years."” To
date, Zhang et al.?’ developed a new method to grow uniform
small graphene directly on various substrates, such as insula-
tors, semiconductors, and even metals, without using any cat-
alyst, as visually and graphically depicted in Figure 3.4. The
growth was carried out using a remote plasma enhancement
chemical vapor deposition (-PECVD) system at relatively
low temperature. Scanning tunneling microscopy (STM) con-
firmed that the films are made up of nanocrystalline graphene
particles of tens of nanometers in lateral size.

Liu et al.?"?? reported a CVD approach that allowed the
direct synthesis of uniform single-layered, large-size (up to
10,000 um?), spatially self-aligned, and single-crystalline
hexagonal graphene flakes (HGFs) by using liquid copper
as the substrate (Figure 3.5). These HGFs showed an aver-
age two-dimensional resistivity of 609 =200 Q and satura-
tion current density of 0. 96 £ 0.15 mA/um, demonstrating
their good conductivity and capability for carrying high cur-
rent density. Size control could be achieved by differing the
annealing temperature and time to vary the nucleation distri-
bution and density.

Miillen et al. devoted much effort to the atomically pre-
cise synthesis of nanographene and GNRs for decades.
Nanographene and GNRs of various sizes and shapes have

been obtained in bulk scale, thus offering an opportunity for
additional solution/vacuum processing and device fabrication.
The bottom-up synthesis of graphene was initiated through the
versatile organic chemistry of polycyclic aromatic hydrocar-
bons (PAHs).?324 By far, the largest synthesized nanographene
molecule consists of 222 carbon atoms with a disk diameter of
3.2 nm, while one of the smallest has a size of approximately
1.4 nm.?> By appropriately choosing the synthetic units, nor-
mally the high-molecular-weight oligophenylene precursors,
we can obtain various types of graphene nanostructure?s: the
triangle, the ribbon, and Chevron-like shape.

3.2.4 PosT SYNTHESIS SEPARATION (CHEMICALLY
CONVERTED GRAPHENE)

3.2.4.1 Differential Separation

Differential separation comes up as one time-efficient and
low-cost way to get graphene sheets with wide size distribu-
tion. The sedimentation rate of particles in a medium with
given density p,, and viscosity 1,,, in a centripetal force field
g’, can be described as?’

— zg’(pp _pm)(r+ t)z
M

U (3.2)

Here r denotes the radius of the core particle, ¢ is the thick-
ness of the solvated shell,® and p, denotes the apparent den-
sity of the particle. Equation 3.1 indicates that the colloid
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FIGURE 3.5 The growth of HGFs on flat liquid Cu surfaces on W substrates. (a) Scheme showing CVD process for the synthesis of HGFs
on liquid Cu surface. (b) SEM image showing partially covered and well-dispersed HGFs using 6 sccm CH,/300 sccm H, at 1,120°C for
30 min. (c) SEM image of HGFs showing a compact assembly of HGFs in which the dark and bright parts represent HGFs and the Cu sur-
face, respectively. (d) SEM image of a near-perfect 2D lattice composed of similar-sized HGFs. (¢) SEM image of the sample for 2 h growth
showing the continuous graphene film with uniform contrast. (f and g) SEM images of large sized HGFs showing that the average sizes are
approximately 50 um and approximately 120 wm using 1140°C and 1160°C, respectively. Experimental conditions from (c) and (d) are the
same, using 6 sccm CH,/300 sccm H, at 1120°C for 38 min. (Geng, D. et al. Uniform hexagonal graphene flakes and films grown on liquid
copper surface. Proc. Natl. Acad. Sci. 109(21): 7992—6, Copyright 2012, National Academy of Sciences, U.S.A.)

sedimentation rate U depends on both the colloid core radius
r (that is why large particles sediment faster than small ones)
and the properties of the medium (p,, and n,). The density
difference between p, and p,, is the dominant term. The par-
ticles stop sedimentation when they reach the medium of the
same density (i.€., p, — p,, = 0). This is how we estimate the
apparent density of colloids by differential separation. As
long as the graphene, mostly chemically converted graphene
(CCQG), can be solvated by given solvents such as the polar
solvents like water (H,0), N-methyl-2-pyrrolidone (NMP),
and dimethyl formamide (DMF), or the nonpolar solvents
like tetrachloromethane (CCl,) and cyclohexane, those gra-
phene derivatives can be sorted by adjusting separation rate
and time. After combining the solvated shell and balancing
the buoyancy, graphene will sedimentate down to the bottom
if the buoyancy cannot match the centrifugal force; or they
will stay where the buoyancy matches the centrifugal force,
forming the supernatant. The CCG staying in the superna-
tant is definitely more easily solvated than the remnant left
in the bottom. Further, the ability of contacting solvents or
being solvated by them will diversify their applications. This
strategy is almost universally available for all kinds of CCG.
For the case of low oxidized GO, they normally have a very
thin solvated shell, which means they can be easily separated
from the liquid phase. All we need is to adjust the rate to a
lower level in order to achieve a smaller centrifugal force.?’
The above-mentioned separation is based on the neutral aque-
ous system. If CCG has very small I;,/I;, we should use other

solvents to alter the aqueous system. For instance, NMP and
DMEF, two very strong polar solvents, are capable of solving
small I/I; CCG and sorting CCG according to their size
when combining differential separation. Now that buoyancy
is highly related to the solvated shell, the overall separation
effect should be influenced by thinning or expanding the sol-
vated shell like adjusting the pH value.?

By analyzing the zeta potentials of GO with two kinds
of sizes under varied pH values, Shi et al’! found that
there existed a certain pH range at which two kinds of GO
(Figure 3.6), f1 and f2, had right opposite zeta potential, which
means f1 the small GO remains soluble while {2 the big GO is
protonated so f2 can be easily expelled from the suspension.
Meanwhile, they found f1 had more oxygen content than f2.
This size effect inherited into the Langmuir—Blodgett (LB)
film and greatly influenced the films’ resistance and transmit-
tance; higher oxygen content leads to higher sheet resistance.
Because of lower oxygen content in bigger GO, the LB film
fabricated from f2 showed to have lower resistance and higher
transmittance. Generally speaking, the differential separation
methods are effective and of low cost as long as we do not put
too much emphasis on the precise size distribution. Besides,
they fit the practical usages well due to the scalable produc-
tion of CCG with rough size distribution. Yet there are some
occasions that need precise control of the size distribution,
aiming at more advanced research. Then we should probably
use a modified version of differential separation, that is, den-
sity gradient separation (DGS).
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FIGURE 3.6 Separation of graphene oxide by adjusting pH value. Size of graphene oxide can greatly affect properties of GO, such as
resistance and transparency. (Reprinted with permission from Wang, X., Bai, H., and Shi, G. Size fractionation of graphene oxide sheets by
pH-assisted selective sedimentation. J. Am. Chem. Soc. 133(16): 6338—42. Copyright 2011 American Chemical Society.)

3.2.4.2 Density Gradient Separation
3.2.4.2.1

By using a differential separation, rough size distributions
can be achieved by either a one-step or multistep separa-
tion process. For more precise cases, the researchers may
turn to DGS, which originate from the separation of bio-
macromolecules. Once this method was transplanted to sort
inorganic nanomaterials, hundreds of investigated cases
had shown this strategy effective for nearly all nanocrys-
tals including zero-dimensional FeCo@C,? gold nanoparti-
cles,! CdSe nanodots,! 1D CdS nanorods,?? CNTs,3334 and of
course, 2D CCGs.* Schematically shown in Figure 3.7, gra-
dients of different densities are first layered bottom up. Then
the analyst suspension with appropriate solvent is placed on
top of the gradients. Once the centrifugation begins, the ana-
lyst particles start to move down to the bottom. The larger
and heavier particles have a higher sedimentation rate after
balancing the centrifugal force against buoyancy and vis-
cous drag. Higher density and viscosity could slow down the
smaller graphene sheets while allowing larger and heavier
sheets to pass through.
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FIGURE 3.7 Schematic illustration of the mechanism of DGUR
separation of CMG sheets with different sizes. (Reprinted with
permission from Sun, X. et al. Monodisperse chemically modified
graphene obtained by density gradient ultracentrifugal rate separa-
tion. ACS Nano 4(6): 3381-9. Copyright 2010 American Chemical
Society.)



