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14.1 Introduction

Known carbon nanostructures span all four spatial dimensionalities and exhibit properties
intimately related to different expressions of quantum spatial confinement. The discovery of
fullerenes (0D) [1], carbon nanotubes (1D) [2], and the more recent experimental isolation
of graphene sheets (2D) [3] have complemented the allotrope family tree long occupied
by the centuries-old 3D forms of carbon (graphite and diamond). Discoveries made over
the past 30 years have unveiled a number of emerging phenomena and paved the way to
the possibility of devising a spectrum of diverse carbon nanostructures where elementary
low-dimensional building blocks are assembled into systems with ever-increasing com-
plexity. For instance, the most recent isolation of graphene from graphite has triggered an
unprecedented material science research activity in the study of a wide variety of graphene
derivatives, such as graphitic nanoribbons (GNRs).

At the same time as new materials are discovered and characterized, the confluence of
scalable mathematical algorithms, novel electronic structure methods, advanced computing
tools and exascale computational performance has enabled the development of predictive

Graphene Chemistry: Theoretical Perspectives, First Edition. Edited by De-en Jiang and Zhongfang Chen.
© 2014 John Wiley & Sons, Ltd. Published 2014 by John Wiley & Sons, Ltd.



JWST348-cl4

JWST348-Jiang May 31, 2013 11:34 Printer Name: Markono Trim: 244mm x 170mm

320  Graphene Chemistry

tools for the discovery of novel phenomena, and principles for the design of new molecular
electronics with breakthrough properties. In that respect, theoretical methods have now
evolved to a point where the properties of materials can be successfully predicted based
essentially on their atomic structure and with limited or no experimental input. As a conse-
quence, computational science capabilities can substantially accelerate the search for novel
materials and devices, especially when integrated with experimental effort. Enabled by these
computational capabilities, exploration of how atomic scale structure and quantum mechan-
ical effects impact electron transport and other electronic processes within nanostructures
and across interfaces, provides critical information for developing the next generation of
materials and electronic devices. In this chapter we review recent progress in describing
electron transport in graphitic nanoribbons (GNRs) from a theoretical and computational
perspective and how works published in the literature provide unique physicochemical
insight that is applicable to the development of novel materials and devices.

The rest of this chapter is organized as follows: we review general theoretical framework
for electronic structure and transport calculations in Section 14.2, we introduce the general
properties of GNRs in Section 14.3, provide a short overview of synthesis and processing
approaches in Section 14.4, then show how transport properties can be tailored for targeted
applications in Section 14.5. We conclude this chapter with an overview of the current
understanding of thermoelectric properties in GNRs in Section 14.6.

14.2 Theoretical Background

14.2.1 Electronic Structure
14.2.1.1  Density Functional Theory

Density functional theory (DFT) treats systems, in principle, on the basis of the ground state
electron density. While this approach reduces the N-body problem from the determination of
a many-body wave-function depending on 3N variables to a simpler three-variable density,
approximations must be made in the expression of exchange and correlation, for which
a number of local, semi-local, and non-local expressions exist. This allows the practical
treatment of systems made up of hundreds of carbon atoms. As such, DFT has been widely
used to study carbon nanostructures, including GNRs where spin-polarized DFT is typically
needed to investigate edge effects. Unfortunately DFT is a ground state theory which cannot
strictly be used to compute electronic band gaps without using post-DFT treatments such as
quasi-particle GW. Reviews on density functional theory (DFT) can be found in a number
of places, including the recent review by two of the present authors [4]. Thus, we will
redirect the interested readers to the literature on DFT and elaborate on semi-empirical
methods that make it possible to study larger systems (typically thousands of atoms) in
a more systematic way. However, DFT remains the method of choice to establish new
phenomena and to benchmark results obtained using those semi-empirical approaches.

14.2.1.2  Semi-Empirical Methods

Tight-binding (TB) calculations are known to provide a good description of the electronic
properties of carbon based materials [5, 6], especially for geometries with moderate to
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low curvature. TB can be made very accurate (e.g., compared to DFT) when considering
high-order neighbor interactions [7,8] and enables simulation of very large systems [9]. For
sp? carbon systems, it is usual to restrict the basis set to an orthogonal basis involving only
the m-orbitals. This works particularly well in flat systems where the remaining orbitals
are involved quasi-exclusively in forming the strong o -bonds and are essentially decoupled
from the 7-orbitals. It follows that the major features of the electronic states close to the
Fermi level have a strong m-character [10]. This 7 -orbital description implicitly considers
that carbon atoms on the edges are saturated with hydrogens. The tight-binding hopping
integrals are usually fit to experimental data or ab initio calculations [7,8]. For instance, the
third-neighbor parametrization proposed by Gunlycke and White with y; =3.2eV, y, =0
eV and y;3 = 0.3 eV for the first-, second-, and third-nearest neighbor hopping integrals,
respectively, was recently shown to result in an excellent agreement with DFT calculations
for a varied set of systems [8, 11]. Finally, the different carbon coordination number at
the edges is satisfactorily accounted for by including a Ay; = 0.2 eV correction to the
y) parameter for the frontier atoms [8]. The various hopping integrals are schematically
defined in Figure 14.1.

While spin-orbit and hyperfine couplings are weak in light elements such as carbon
[12—14], it is also known that non-spin-polarized zigzag edges in graphene present an
unstable high charge density which can be resolved by electronic charge polarization [15].
The proper description of the physics of edge states is fundamental to the successful
development of nanodevices based on carbon nanoribbons as they can play a dominant
role not only in infinite crystalline systems [15—17], but also in small finite-sized structures
[18-20]. Such border effects persist in long one-dimensional systems even for lengths
longer than 70 nm [18]. It follows that a correct description of zigzag edges in graphene
must include spin interactions.

The addition of a Hubbard-like term to the Hamiltonian has been successful in describing
the most relevant physical aspects of magnetic states in a number of graphitic carbon nanos-
tructures, including finite nanoislands [21], where the results are shown to be consistent
with Lieb’s theorem [22]. Fundamental aspects of defect-induced magnetism in graphene
and GNRs [23] as well as the magnetic states of zigzag edged GNRs [14, 15,24] are also

T 71 ‘

Figure 14.1 Schematic representation of the first-, second-, and third-nearest neighbor hop-
ping integrals (y1, y» and ys, respectively) on an armchair edged graphitic structure. The
different chemical environment at the edges is accounted for by a modified first neighbor
interaction for these frontier atoms
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captured by such a simple approach. The Hubbard Hamiltonian Hy is written in terms of
the number operators ﬁf and ﬁf for the spin-orbitals from atom i as:

Ay =U ala}, (14.1)

where the single parameter U corresponds to the on-site repulsion. Due to the complexity
of solving this equation, a mean-field interaction is usually employed and this Hamiltonian
is written as:

Ay =v' Y (ahat +af@h) (14.2)

where the densities (ﬁiT ) and (ﬁii) are determined self-consistently. A value of U = 0.92y,
as determined from DFT calculations reported Ref. [11]. The resulting tight-binding+U
(TBU) model is then used to predict properties of GNRs. Results show a remarkable and
systematic agreement between DFT and TBU for states close to the Fermi energy.

14.2.2 Electronic Transport at the Nanoscale

When describing electronic transport at the nanoscale, we take advantage of the fact that
the device size is typically smaller than the phase coherence length [25,26]) and quantum
interference effects become prominent, demanding a full departure from the macroscopic
description of Ohm’s law. In a perfect crystalline system like a pristine GNR, for instance,
electrons transmit through the system without suffering collisions, thereby marking a
clear manifestation of ballistic transport. When we relax the defect free assumption (by
considering doping and other structural defects like vacancies or reconstructions), electrons
traveling through the system experience scattering events, thereby increasing the probability
that some electrons will not be transmitted. Hence, a complete description of the transport at
the nanoscale has to consider the transmission and reflection of the electronic waves. These
aspects are captured by the Landauer formalism, which results in the following equation
for the conductance G between two terminals (labeled by n and m) in the low bias and zero
temperature limits [27,28]:

2
zi’T”_”". (14.3)
h
where 7 is the transmission function. This result expresses the main tenet of the formalism,
namely that conductance is transmission. This theory contains the essence of electronic
transport at the nanoscale and marks a clear departure from the classical top-down descrip-
tion of electronic transport. As a result, Landauer’s theory is today a widely used formalism
for computing electronic transport properties of nanoscale systems with the aid of Green’s

function theory.

When performing a transport calculation, we consider a basic system made up of a
central scattering region (C) in contact with a number N of semi-infinite terminals (£,
l=1,2,...,N) as depicted in Figure 14.2. Each terminal is composed by the repetition
of a characteristic unit along a specific (periodic) direction.

The terminals do not need to be identical and we assume that each of the terminal’s layers
is indistinguishable from one in the corresponding bulk system. In addition, it is usual to

Gn—)m —
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Figure 14.2 Basic system for electronic transport calculations. A central scattering region C
coupled to the semi-infinite terminals L, Lo, L5, Ls, ... , Ln

adopt the principal layer (PL) concept to the electrodes, so that the terminal’s PL is defined
in such a way as to interact only with the first-neighboring cells. This allows the problem
to be written in a convenient and numerically tractable way. In practice, Green’s functions
(GFs) provide a systematic way to determine the quantum transmission for the Landauer
formula. Even though the Hamiltonian for the extended open system is infinite and non-
periodic, we can still treat the conductor’s GF (G¢) in terms of a modified Hamiltonian
representing the central conductor by:

G = ((E +inle — He — Y 2,)_1 (14.4)
1

with:
Y = hagihic, g = (el — H)™', (14.5)

where 7 — 07 is a small complex number added to (subtracted from) the energy to avoid
singularities in the calculation of the retarded (advanced) GF. Here, H¢ (H)) [h¢; and k]
is the Hamiltonian describing C (£;) [the interaction between C £;] and the so-called self-
energy matrices (X;) can be interpreted as effective potentials which describe the effects
of the semi-infinite terminals on C. In other words, the sum of the H- Hamiltonian with
the self-energies represents a finite central conductor satisfying the boundary conditions
corresponding to the extended system [27,28]. The Hamiltonian matrices are obtained
by tight-binding, that is, from a properly truncated DFT or TB calculation performed in
a localized basis. Even though the ¥; terms depend on infinite matrices when they are
expressed in a localized-basis, we can write them in terms of finite matrices describing
the interface between C and the first PL of £; and determine them by recursive methods
[29,30]. Finally, the quantum transmission is obtained by [27,28]:

7" =Tr(T,GeT,WGE), (14.6)
with:

I =i(s — ). (14.7)
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Conductance curves such as those reproduced in this chapter are computed using the
equations provided in this section. Furthermore, using GF theory, we can attain insight into
the profile of the charge flow by plotting the local current. The current /;; between any two
atomic sites, i and j, can be calculated with the aid of the GF (G~) with [31,32]:

e o0
I = E/ dE(r,-J-G;.(E)—tJ-,-G;(E)), (14.8)
—00

where 7;; = 1}; is the hopping between sites i and j. In the absence of electronic correlations,
G~ is directly obtained from the retarded GF (G") by:

G<(E)= G'S<G"': $< Zﬁ(zj — (14.9)
1

where the sum runs over all the terminals, and f; is the corresponding Fermi distribution
used to fill the terminal states according to the chemical potential ;.

To ease the visualization of the local current data, we represent the local current in a real
space representation:

l(x,y)=Z%(rll’)(illlj)(jlr), (14.10)
i#]

where (i|I|j) = I;; and (r|i) = e~ latc with r being the distance from the point (x, y) to
the position of site i. As I;; = —1I;; (see Eq. 14.8), we select only the positive values of /;;
by setting o;;; = 1 (0) when [;; > 0 (I;; < 0).

14.3 From Graphene to Ribbons

14.3.1 Graphene

Graphite is an abundant and well-known material. Yet, its isolation into individual graphene
sheets was only accomplished in 2004 [3]. This result marked the starting point of intense
research on both experimental and theoretical investigations, making graphene a focal
point in materials science. Graphene’s structure is composed of a honeycomb lattice, where
carbon atoms are arranged on a bidimensional hexagonal motif. Its electronic structure can
be accurately described within a tight-binding model. Setting Er = 0 we write:

Ek) = :I:y\/3+2005koal +2cosk-a, +2cosk - (a; — ay). (14.11)

where a; and a, are graphene lattice vectors and k is a quasi-momentum chosen in the first
Brillouin zone. The corresponding dispersion relation is plotted in Figure 14.3 over the
graphene’s hexagonal Brillouin Zone (BZ) using different visualization methods.

A notable characteristic of the E — K relation is the presence of a conical structure at
the K and K’ points (vertices of the BZ where the valence and conduction bands meet).
Due to this local linear relation for low-energy levels, the electrons behave as massless
Dirac fermions leading to the onset of Klein tunneling (where an electron enters a potential
barrier with unity transmission probability) [33]. This effect was predicted by theory for a
graphene p — n junction [34] and further confirmed by experiments [35].
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Figure 14.3 Electronic band structure for the graphene over the Brillouin zone in a 3D (a)
and 2D (b) representations and along the high symmetry lines (c). The Fermi level is at E = 0

14.3.2 Graphene Nanoribbons

Graphene is regarded as a promising candidate for replacing silicon technology as silicon
approaches its miniaturization limit [36]. One of the reasons for such interest in graphene is
its high electronic mobility and low contact resistance [37,38]. Even though graphene itself
has a rich physics, both chemical and physical modifications can be used to further tune
its properties [39]. For example, ideal infinite graphene is not a semi-conducting system
and the absence of an energy gap is a fundamental impediment for some applications in
nanoelectronics. To remedy this issue, it is possible to modify graphene’s structure to induce
an opening of the energy bands around the Fermi energy. One widely studied approach
is to induce quantum confinement along one in-plane direction, thus creating structures
called graphene nanoribbons, which are the topic of this chapter. GNRs present electronic
properties strongly dependent on their width and edge structure. For the most symmetric
cases of armchair (n-AGNR, Figure 14.4 a) and zigzag (n-ZGNR, Figure 14.4 b) edged
ribbons, their width is trivially obtained from the number n of C—C dimer lines or zigzag
strips, respectively.
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Figure 14.4 Basic structures for AGNRs (a) and ZGNRs (b). The boxes indicate the GNRs
unit cells. The periodic direction is along the vertical axis
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Figure 14.5 Electronic band gap A for an AGNR as a function of the number n of C—C lines.
The three families correspond to n = 3i + j with j =0, 1,2

Theory predicts that AGNRs present a semi-conducting character with a band gap A,
strongly dependent on the number n of C—C lines along its width. While the gap of an
n-AGNR with n — oo tends to zero (so as to recover the graphene result), the A, versus
n curve has three different branches such that As; 11 > Asz; > As;yp [17]. In Figure 14.5
we show the calculated band gaps for various AGNR width as a function of n using the
tight-binding method described in Section 14.2.

Compared to AGNRs, ZGNRs present a richer set of properties. While spin polariza-
tion is absent in AGNRs, ZGNRs possess ferromagnetically polarized edges with two
possibilities for edge-to-edge polarization. These two possibilities correspond to paral-
lel (ferromagnetic—FM) and anti-parallel (anti-ferromagnetic—-AFM) alignments, the latter
being the overall ground state. The spin polarization for these two states together with the
non-polarized paramagnetic (PM) spin distribution are illustrated in Figure 14.6 with their
corresponding band structures calculated using the TBU method.

One observes that the PM state has two two-fold degenerate bands around the Fermi
energy which meet and become a flat four-fold degenerated band which extends along
one third of the BZ and whose energy value approaches Er = 0 as the ribbon width
increases [14]. These states are strongly localized along the edges (therefore the four-fold
degeneracy: two due to the spin and two due to the two symmetric edges), producing a high
concentration of low energy electrons [15]. Such edge states are predicted to be responsible
for a paramagnetic behavior of ZGNRs at low temperatures [40], while a diamagnetic
behavior is expected at high-temperature. This high density indeed produces a instability
(paramagnetic instability) which gives rise to the two lower energy magnetic states. One
observes that the spin up and down polarizations along the opposite edges are located on
different graphene sublattices for the AFM case which turns out to be the ground state [15].
In the FM case, edge atoms belonging to both sub-lattices present the same spin orientation
and this ends up raising slightly the FM energy compared with AFM. While AFM is lower
in energy, a remarkably interesting fact about these AFM and FM states is the small energy
difference between them. In the upper panel of Figure 14.7 we show the TBU band-energy
difference between the AFM and FM states for one ZGNR cell as a function of n. It is
clear that this difference vanishes as the ribbon width increases, indicating a lowering in
the edge-to-edge interaction as they are farther apart. A possible switching property based
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Figure 14.6 Paramagnetic (PM), anti-ferromagnetic (AFM) and ferromagnetic (FM) states in
a ZGNR and their corresponding band structures (the middle line is the Fermi energy, and
curved lines are spin up and down levels)

on this low energy difference is an interesting aspect that motivates the concept of a ZGNR
based magnetic sensor [41]. These states are considerably more stable than the PM states
[15]. As shown in the lower panel of Figure 14.7, this paramagnetic instability approaches
its upper limit as the the ribbon’s width is increased.

The existence of the rich magnetic properties opens up a number of exciting possibilities
for the use of finite pieces of graphene in nanoelectronics and spintronics. For instance, it has
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Figure 14.7 Energy difference between any pair of different magnetic states in a ZGNR with
n =3, ...,40. The calculation was performed using the TB band-structure energy. The differ-
ence in energy indicates that the magnetic ordering is easily destroyed at room temperature,
especially for wide enough ZGNRs
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been shown that ZGNRs present a half-metallicity behavior (where the electronic structure
has a metallic character for spin-up levels and is semi-conducting for spin-down levels, or
vice- versa) which can be tuned using a gate voltage [16]. The importance of the details of
the conductance and valence states in ZGNRs in their various spin-distributions is further
demonstrated by a plot of the local current distribution using the formalism embodied by
Eq. 14.8. Figure 14.8 (Plate 13) is an overview of the spin-polarized conductance at various
chemical potentials for the PM, FM, and AFM states. Here, the structures are connected
to perfect electrodes made of the same materials and it follows that these representations
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Figure 14.8 (Plate 13) Quantum conductance as a function of energy (center) for the PM,
FM and AFM states in a 12-ZGNR (full blue curves correspond to spin-up and red dashed lines
to spin-down). For each state we present local current plots corresponding to 1 = —0.35
eV and pu, = —0.25 eV and to pu = +0.25 eV and u, = +0.35 eV for both the AFM and
FM states and 1, = +/ — 0.05 eV for the PM case (chemical potential windows marked by
vertical black dotted lines), both to spin-up (blue) and -down (red)
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are similar to the spatial distributions of Bloch states. For example, in the ground state
(AFM), a remarkable 1D localization of the states along the edge can be seen with spin-up
and spin-down channels localized at opposite sides the structure. Note that experimental
evidence indicates that edges are usually made up of a mixture of armchair and zigzag
edges, thereby forming what’s usually referred to as chiral edges (see, e.g., Refs. [42,43]
and references therein).

14.4 Graphene Nanoribbon Synthesis and Processing

A large number of systems studied theoretically are often deemed unrealistic due to their
narrow sizes and/or to their highly specific atomic structure. While graphene’s isolation
is a recent experimental achievement, the synthesis of narrow nanoribbons has also been
significantly improved over the past few years. However, these accomplishments need to
present additional quality for technological applications: their clean production in bulk
quantity needs to be practical. In addition, large-scale deployment of GNR-based elec-
tronics calls for the possibility of packing billions of such devices onto a centimeter-
wide chip wafer. Graphene pieces with well-defined size and edge structure are essential
for such applications [44]. This demands a high level of control over the synthesis and
manipulation of nanostructures in order to stitch them together in specific and highly
ordered conformations. To address this pressing issue, a series of top-down and bottom-
up approaches have been developed to obtain GNRs and other graphene like systems
[37]. The former route is mainly concentrated on etching pre-synthesized graphene and
lithography methods [45—47] as well as carbon nanotube unzipping [48-50]. However,
in many cases, the existence of stochastic defect distributions linked to the presence of
these topological irregularities in graphene prevents faithful reproducibility in the crafting
process [37,46].

At the same time, as it is difficult to create GNRs with defect free edges, it has been
shown that the intriguing electronic and magnetic properties of GNRs are strongly related
to clean edges. Edge defects can effectively suppress some of the most important properties
of GNRs for applications [51]. Unfortunately, most GNR synthesis approaches do not allow
full control over clean edge formation. Moving toward the ultimate goal of atomically sharp
edges, bottom-up approaches are successful alternatives for large-scale production of GNRs.
They are typically based on chemical vapor decomposition (CVD) techniques and on the
assembling of complex structures by fusing small molecular building blocks [37,43,52-55].
The general strategy is to heat a gaseous solution of molecular precursors over a given
substrate in order to promote growth of more complex structures. These approaches take
advantage of surface assisted reactions which reduce the degrees of freedom of the molecular
building blocks and can result in narrow highly crystalline systems. During this engineering
process, a number of aspects have to be carefully taken into account as they can prevent
the success of the synthesis protocol to obtain the desired product. The interplay between
diffusion energies and surface coupling is one of these factors [37,53,55-57]. In addition,
recent scanning tunneling microscopy images have indicated the presence of non-hexagonal
rings, such as pentagons, at the edge of CVD-grown GNRs [43], while joule-heating post-
synthesis approaches were shown capable of cleaning up rough structures into perfectly
crystalline edged-systems [58].
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Figure 14.9 lllustration of the bottom-up approach to obtain graphene nanoribbons with
clean armchair edges and wiggle-like structures based on specific choices of the precursor
monomer [54]. In the first thermally activated stage, the halogens are removed from the
molecules and diffusion of the radicals over the substrate surface allows the formation of a
linear polymer chain. In the following stage, a dehydrogenation process takes place, resulting
in the assembly of narrow and crystalline ribbons

The choice of the molecular precursors is a critical determining feature to be considered in
such pre-programmed processes for obtaining graphitic ribbons. The experiment conducted
by Cai et al., [54] is a remarkable example of this aspect. While conducting a surface-
assisted pre-programmed reaction (see Figure 14.9), they showed that 10,10’-dibromo-
9,9’-bianthryl molecules used as precursor yield straight and narrow crystalline carbon
nanoribbons with an armchair edge geometry. In addition, starting with a 6,11-dibromo-
1,2,3,4-tetraphenyltriphenylene molecule precursor, the final result is a more complex
chevron-like (or wiggle-like) ribbon [54], as illustrated in Figure 14.9. This approach is
also able to form other complex structures including three-terminal GNR junctions.

14.5 Tailoring GNR'’s Electronic Properties

Carbon based materials are sought as candidates for integrated nanoelectronics to over-
come the shortcomings of silicon and to maintain the current development trends that
have followed Moore’s law for the past 45 years. Graphene nanoribbons are among the
most promising materials for this quest, due to their unique structure-dependent electronic
properties [40, 59, 60], as reviewed in Section 14.3. GNRs can be either semi-conductive
or metallic, depending on their edge geometry and magnetic order [15, 17]. However, the
energy gap is strongly dependent on the nanoribbon width [17]. For experimentally fea-
sible nanoribbon widths, semiconductive GNRs have energy band-gaps on the order of a
few hundredths to a few tenths of eV, which are comparable to thermal energies and are
impractical for integrated nanoelectronic applications. Several methods have been explored
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to increase the energy gap and modulate the electronic properties of GNRs, ranging from
defect-based to chemical-based methods.

14.5.1 Defect-Based Modifications of the Electronic Properties
14.5.1.1  Non-Hexagonal Rings

Terrones and Mackay proposed that pentagon and heptagon (5—7) pairs could be introduced
in planar graphitic structures without modifying the long-range planarity of the structure, as
opposed to the curvature changes introduced by only pentagons or heptagons [61]. 57 pairs
and other higher order rings, such as 5-8-5 groups, could be found as grain boundaries
between graphitic domain with different orientations, and similar structures were later
observed experimentally by Simonis and coworkers [62]. Koskinen et al. proposed that
un-passivated zigzag edges in graphene nanoribbons could undergo a bond rotation that
would change the hexagons at the zigzag edge into a sequence of pentagons and heptagons,
transforming the zigzag edge into an armchair one [63]. Later, the same group reported
the observation of such edges [64] from analysis of high resolution transmission electron
microscope (HRTEM) images obtained by Girit et al. [65]. In a similar study, Dubois
et al. later investigated the effects of pentagon and heptagon rings at the edges of armchair
graphene nanoribbons, showing that defects break the aromaticity of the edge atoms and
severely affect the conductance of the system [66].

Defects play an important role in the science of sp? carbon materials and offer an
additional degree of freedom to tune their properties. Extended lines of defects (ELDs —
Figure 14.13 a) and grain boundaries (GBs) are natural defects that can be found in some
synthesized graphene samples and they can assume a highly crystalline organization. Both
extended line defects [67] and grain boundaries [68] in graphene are predicted theoretically
to have interesting electronic and transport properties stemming from the interface between
systems of varying properties. These structures do not necessarily represent a problem for
the goal for producing high crystalline structures, but instead open a set of new possibilities
to modify and tune the properties of graphene and their GNRSs to suit new applications [62,
67-71]. Botell-Mendez et al. used a chain of 5—7 pairs in order to create a seamless interface
between an armchair and a zigzag nanoribbons, creating hybrid graphene nanoribbons that
display new properties emerging from the presence of both zigzag and armchair edges [72].
When stitched along the periodic direction, these hybrid graphene nanoribbons display half-
metallicity (Figure 14.10), as the zigzag edge presents a spin polarized edge state, while
the armchair edge is non-magnetic, resulting in a spin polarized conductor. On the other
hand, if stitched transverse to the periodic direction, these hybrid graphene nanoribbons
have both zigzag and armchair domains, and the electronic transport across these junctions
is driven by tunneling phenomena.

An even more profound example of the impact of defects in carbon nanostructures
are the Haeckelite lattices (Figure 14.13 b). In these systems, an extended distribution of
Stone—Wales defects is introduced over the graphene sheet so as to produce a perfectly
threefold coordinated flat structures without any hexagons [73]. Even though experimental
realization of these structures is still lacking, they present a set of new properties that can be
further expanded, in particular in their tubular [73] and nanoribbon versions. The existence
of such exciting properties motivates future experimental studies aimed at their synthesis.
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Figure 14.10 (a) Band structure of a hybrid graphene nanoribbon with both zigzag and
armchair edges. The arrows point to the wave-function plot of the states around the Fermi
energy, displaying the edge state associated to the zigzag edge. (b) Electronic transport plot
for this nanoribbon, revealing that the nanoribbon can be used as a spin filter on an energy
window just above the Fermi energy

14.5.1.2  Edge and Bulk Disorder

In order to provide accurate estimates of the stability of GNR-based electronic devices,
an accurate account of the defects and their effects on transport properties must be taken,
as these are inherent to any large scale production system. Several groups have studied
the effects of edge and bulk disorder on the transport properties of graphene nanoribbons
[74-79]. Specifically, Areshkin et al. used a recursive model to remove edge atoms to
create vacancies at the edges that span several layers of atoms [74]. They also found that
zigzag edged GNRs are more resistant to edge degradation than their armchair counterparts.
While the zigzag edge is able to withstand large (50%) edge defect concentrations up to
four edge layers deep, in the armchair case only a 10% erosion of the outer edge layer led
to suppression of electronic transport.

Furthermore, two similar works used a GNR model with a random edge disorder for
widths similar to experimentally available devices [75,78,80]. They found that even mod-
erate edge roughness is enough to cause localized scattering centers leading to Anderson
localization and creating an electron transport gap, in accordance with the experimental
results [80].

Finally, note that atomic vacancies have also been proposed to modify local properties
[81], resulting in an enhancement of the system’s reactivity and opening a set of new
possibilities for the physics and chemistry of these structures.

14.5.2 Electronic Properties of Chemically Doped Graphene Nanoribbons
14.5.2.1  Substitutional Doping of Graphene Nanoribbons

Substitutional doping by non-carbon atoms has been widely studied as a method for tailoring
the electronic properties of other carbon-based materials such as fullerenes and carbon
nanotubes. The rationale behind this interest is that ions of atoms with similar size to carbon
(boron and nitrogen, in particular) could be easily inserted into the graphitic hexagonal
lattice. In addition, it was earlier found that boron and nitrogen could respectively introduce
acceptor or donor states in carbon nanotubes [82]. Substitutional doping of graphene has
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Figure 14.11 (a) Electronic transport of boron and nitrogen doped graphene nanoribbons.
The arrows indicate the donor-like (boron) and acceptor-like (nitrogen) states. Local density of
states (LDOS) plots for the nitrogen (b) and boron (c) localized states at the energies indicated
by the arrows on the plot (a)

been experimentally achieved by different methods, such as electrothermal reactions [83],
hydrocarbon pyrolysis in presence of ammonia [84], and arc discharge [85], among others.

A number of theoretical studies of the effect of substitutional doping on graphene nanorib-
bons electronic transport have been carried out by several groups. One of the earliest stud-
ies of such effects were carried by Martins and coworkers who focused on doped narrow
graphene nanoribbons, finding that introduction of doping atoms that interact with the
carbon 7 states creates a spin anisotropy in the electronic transport around the energy
corresponding to the localized state near the dopant [86, 87]. It was proposed that substi-
tutional doping could be used to create graphene-based spin polarized conductors. Other
works also focused on the effects of boron and nitrogen doping on wider graphene nanorib-
bons [88, 89], while Cruz-Silva also examined the effects of substitutional doping with
phosphorus on GNRs [90]. A surprising effect of doping found in these cases is that for
zigzag GNRs, both nitrogen and boron could induce donor or acceptor states depending
on their position within the nanoribbon. As observed in Figure 14.11, the energies of the
localized states created by the doping atoms change as their position in the nanoribbon is
closer to the edges, until finally crossing over the Fermi energy and moving to the other side
of the energy spectrum. This effect can be explained by the increased exchange interaction
due to the localization of the dopant-induced states and the zigzag edge states [90].

14.5.2.2  Chemical Functionalization of Graphene Nanoribbons

A different pathway for modifying the electronic and transport properties of graphene
nanoribbons is through the use of chemical functionalization. As mentioned before, modi-
fications of the carbon 7 network, by doping or chemical interactions, result in changes of
the electronic structure near the Fermi energy. Such changes allow tailoring of the electronic
transport properties at low voltages [87]. There are a variety of techniques to enable func-
tionalization of graphene such as hydrogenation [91, 92], oxidation [93-95], and chemical
attachment of metallic atoms [96].

Fully hydrogenated graphene (graphane) was first theoretically proposed by Sofo et al.
[97], and experimentally achieved by Elias et al. [91]. On an sp? carbon atom, hydrogen can
only bond to the free 7, orbital, forcing a change to an sp® hybridization on the host atom
and forming a o bond. Since full hydrogenation of graphene results in the rehybridization
of all carbon atoms, graphane can be thought of as a single diamond layer, and is a wide
gap semiconductor (as is diamond).
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Selective hydrogenation, however, can be used to modify the electronic properties of
graphene nanoribbons. An example of this is the study by Soriano et al. [92], where
the authors used both DFT and TBU to study the tunneling magnetoresistance of a doubly
hydrogenated armchair GNR as a function of the distance between hydrogenated sites. They
found that hydrogenation of sites close to the nanoribbon edges are more energetically
stable than those occuring within the central atoms. They also found that the near-edge
hydrogenation is more effective at creating a tunneling magnetoresistance, and propose that
this kind of hydrogenated nanoribbons has potential use in spintronic applications [92].

Oxygen, as well as other functional groups that attach to sp>-based carbon nanostructures,
can modify the m— orbital network. It was shown early on that by attaching oxygen,
hydroxyl (OH), or imine (NH) groups at the edges of a zigzag GNR, it could be possible to
indirectly close the energy gap in the antiferromagnetic ground state of zigzag GNRs [93].
Using localized Wannier functions, Cantele et al. showed that the states induced by oxygen
at the Fermi energy are due to lone pair states [95]. Another approach to study the effects of
oxidation is based a decimation method to perform quantum transport calculations on real-
length graphene nanoribbons (up to 600 nm) [94]. They found that the elastic mean free path
for these nanoribbons strongly decays with increasing number of hydrogen and hydroxyl
functional groups attached to the nanoribbon. Other attempts to modify the electronic
structure of GNRs are based on connecting third row transition metal atoms to manipulate
the electronic transport properties of GNRs [96, 98].

14.5.3 GNR Assemblies
14.5.3.1 Nanowiggles

It has been pointed out that systems such as the segmented structure obtained using a
surface-assisted bottom-up approach can be viewed as an example of a more general set
of structures called graphitic nanowiggles (GNWs) [11], since they present, in general,
a wiggly edge conformation. Such GNWs can be viewed as a successive repetition of
GNR sectors which can be either armchair (A) or zigzag (Z) edged (resulting in the
four achiral GNW classes illustrated in Figure 14.12). Their electronic structure [11,99]
and thermoelectric transport properties [100, 101] have been studied using an array of

Figure 14.12  The four classes of achiral GNWs: AA, AZ, ZA and ZZ, depending on when the
parallel and oblique sectors, respectively, present either an armchair (A) or zigzag (Z) edge.
The figure represents three unit cells from each case and we highlight the central one by using
black atoms
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computational approaches. Regarding their electronic structure, GNWs with at least one
zigzag sector present a set of multiple magnetic states with a rather larger diversity compared
to the corresponding set from ZGNRs. Further, depending on how individual sectors are
arranged together, they can present a large, quasi-continuous, range of band-gaps [11].

14.5.3.2  Antidots and Junctions

In addition to GNWs, graphene and GNRs have been assembled into several new structures.
Porous systems like graphene antidot lattices, for instance, have been shown to allow a
controlled manipulation of graphene’s electronic properties [102] as well as on carbon
nanoribbons [103, 104]. Other proposals exploit the interplay between armchair and zigzag
edges in more complex ribbon geometries to demonstrate spin-filter devices and geometry-
dependent controlling approaches for the localization of magnetic edge-states [105—-110].
Junctions composed of A- and ZGNRs [111] and 1D GNR-superlattices [108, 109]
(Figure 14.13 d) are also new structures suitable for embedding in new electronic
nanodevices.

14.5.3.3  GNR Rings

While GNR-made nanorings are expected to be more stable than carbon nanotube-based
tori, these systems impose boundary conditions on the electronic states, resulting in

Figure 14.13 Atomic models for the assembling of graphene and CNRs into new structures:
(a) 1D GNR-based superlattice; (b) extended line of defects; (c) Haeckelite lattice; (d) Mobius-
like GNR nanoring
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fascinating transport properties which include energy selectivity rules for the electronic
paths on the structure [112]. In a separate theoretical prediction, Mobius rings (Figure 14.13
¢) have been predicted to present specific UV/vis spectra signatures [113] and characteristic
charge localization due to curvature [114].

14.5.3.4  GNR Stacking

The stacking of multiple GNRs is predicted to have a major influence on the electronic
structure and magnetic states of these multi-layer systems due to an interplay between
intralayer and interlayer coupling [115]. On the other hand, the behavior of the electronic
current as a function of temperature and device length is now well understood in terms of
ab initio calculations [116]. Note also that the stacking of two GNRs bound by van der
Waals forces can be used as a rheostat with cross-GNR conductance being finely tuned
by the relative angle between the two GNRS [111]. In this case, multi-terminal transport
formalism must be employed (Eq. 16.6) to evaluate electronic transmission between any
two sides of one layer and the corresponding ones of the second layer.

14.6 Thermoelectric Properties of Graphene-Based Materials

14.6.1 Thermoelectricity

The thermoelectric effect is the direct conversion between temperature gradients and volt-
age differences, and can be used in energy conversion like power generation and cooling
applications such as refrigeration [117, 118]. Ideal thermoelectric materials are required to
have good electric conduction yet poor heat conduction and their thermoelectric conversion
efficiency is indicated by the dimensionless figure of merit ZT = S>G T/ k, where S is ther-
mal power (or Seebeck coefficient), 7" is average temperature, G is electrical conductance
and k is total thermal conductance k = k.; + k,; (including contributions from electrons
ke, and phonons k). Devices with ZT > 1 are usually considered good thermoelectrics,
but ZT > 3 is often regarded as a minimal requirement for competing with conventional
generators and refrigerators [118]. For this reason, considerable attention has been devoted
toward the discovery or design of materials with enhanced ZT . This can be realized by two
approaches. One method is to increase the Seebeck coefficient S by reducing the dimension-
ality of the system [119, 120]. The other idea is to suppress phonon thermal conductance
kp;, together with a sharp resonance in the electronic conductance G [121,122], which has
been the focus of experimental and theoretical efforts.

14.6.2 Thermoelectricity in Carbon

Graphene has also attracted interest due to its outstanding thermal properties. A huge
Seebeck coefficient (30 mV/K) has been predicted for graphene gated by a sequence of
metal electrodes [123] while a superior thermal conductivity as high as 5 kW/mK has
been measured [124, 125]. However, the extremely high thermal conductance means that
graphene is not intrinsically a good thermoelectric device. Strategies are needed to degrade
its thermal conductance while preserving or enhancing the high electronic conductance and
thermopower characteristics. Several enabling routes have already been examined, such
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as the use of isotopes [126], strain [127], edge passivation [128, 129], random hydrogen
vacancies [130], atomic vacancies and defects [120, 131, 132], molecular junctions [121,
133], multi-juctions GNRs and superlattices [100, 101, 122, 132], and edge disorder [134].

It was discovered that AGNRs show lower thermal conductance than ZGNRs of similar
width, suggesting that AGNRs are better candidates to be optimized for thermoelectric
performance [100, 129]. However, peak ZT values for pristine AGNRs at room temperature
are far less than 1. Theoretical calculations by Chen et al. [100] indicate that peak ZT value
for the narrowest AGNR is less than 0.4 and it generally decreases with a width increase.
Atomic vacancies and Stone—Wales defects have been introduced to suppress phonon
thermal conductance. A 0.23% double vacancy or Stone—Wales concentration leads to
a 80% reduction in thermal conductance of GNRs from pristine ones [131]. However,
corresponding Z7 values at room temperature are not significantly enhanced (less than
0.5) due to the concomitant reduction of the electrical conductance [132] reported that the
reduction of phonon thermal conductance by random vacancies can be fully compensated
by the concomitant reduction of electrical conductance, which results in a reduction of
ZT compared to perfect AGNRs. However, a periodic distribution of vacancies inside the
ribbon may be seen as a reduction of the effective width, which tends to reduce the thermal
conductance while enhancing the thermopower, leading to higher Z 7. Additionally, multi-
junctions GNRs have been proposed to degrade phonon thermal conductance [100, 101,
122]. A specific patterning of a mixed GNR obtained by alternating armchair and zigzag
sections of different widths has been shown to provide high thermoelectric performance with
a ZT factor reaching unity at room temperature (Figure 14.14) [122]. Besides the reduction
of phonon thermal conductance, the resonant tunneling of electrons between these sections
retains high electron conductance and Seebeck coefficient. Finally, the introduction of edge
disorder has been predicted to dramatically reduce phonon thermal transport while only
weakly decreasing electronic conduction [134], resulting in ZT higher than 1 at room
temperature in the diffusive limit (Figure 14.15).

Although theoretical calculations indicate that GNRs can be modified to have good ther-
moelectric performance, those modifications are experimentally challenging. The newly

Figure 14.14 Maximum ZT value as a function of the number of dimers n in armchair sections
in the multijuction structure [122]. Reprinted with permission from Ref. [22] Copyright 2011
the American Physical Society
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Figure 14.15 Thermoelectric properties in edge-disordered GNR. The central region with
edge disorder has length L and is connected to semi-infinite ZGNRs free of disorder. Ther-
moelectric figure of merit, ZT, versus chemical potential w at different temperatures T for
ZGNR10 and ZCNR20 having lengths L = 0.25 nm and 4 um, respectively [134]. Reprinted
with permission from Ref. [134] © 2010 the American Physical Society

synthesized wiggle-type GNRs, so called graphitic nanowiggles (see Section 14.5.3 and
Figure 14.12), have been fabricated with an atomically precise bottom-up approach using
surface-assisted coupling of molecular precursors into linear polyphenylenes. Their intrinsic
electronic and magnetic properties have been demonstrated for a number of arrangements
and edge symmetries [11]. The attractiveness of these structure is their high-order (mak-
ing them good electronic conductors) with regularly repeated junctions between different
domain (making them poor thermal conductors). The wiggle edges reduce phonon thermal
conductance by nearly 50% and double peak ZT values in comparison to straight GNRs
of similar width [100], demonstrating GNWs as promising thermoelectric materials. Note
also that a recent computational investigation showed that ZT can be optimized up a value
of 5 by drilling nanopores into the GNRs: the holes effectively suppress phonon transport
without significantly affecting the electron transport since it essentially flows along the
edges of ZGNRs [135].

14.7 Conclusions

Modern theoretical and computational science provide opportunities to explore fundamen-
tal physics and chemistry at the length and time scales where the materials properties and
behavior are controlled and is thereby a key to performing predictive design. When inte-
grated with experimental studies at the same time and length scales, validated discoveries
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are possible and enable novel discoveries and potential breakthroughs in areas such as
nanoelectronics. In this chapter we have reviewed recent research in the area of electronic
transport of GNRs and GNR assemblies. Electron transport in GNRs is a rapidly moving
field and the present review is not an attempt to be exhaustive. Instead, we have presented
an overview of the major research directions that can provide a viable pathway towards the
fine-tuning of the properties of GNR systems for future applications in nano electronics
optoelectronics and spintronics.
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