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Abstract

We present an overview of charge transport in selected one-, two- and three-dimensional
carbon-based materials with exciting properties. The systems are atomically defined bottom-up
synthesized graphene nanoribbons, doped graphene and turbostratic graphene micro-disks,
where up to 100 graphene layers are rotationally stacked. For turbostratic graphene we show
how this system lends itself to spintronic applications. This follows from the inner graphene
layers where charge carriers are protected and thus highly mobile. Doped graphene and
graphene nanoribbons offer the possibility to tailor the electronic properties of graphene either
by introducing heteroatoms or by confining the system geometrically. Herein, we describe the
most recent developments of charge transports in these carbon systems.

1. Introduction

Carbon-based materials offer a large number of advantageous properties, and hence have
attracted a great deal of attention in science and in industry, with applications ranging from
micro-electronics to energy related topics [1,2]. As carbon can come in very different forms of

allotropes having distinct structures and attributes, the possibilities for its use may well be

exceeding those of other elements. Sp2-hybridized carbon materials alone i.e. graphite,
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graphene, carbon nanotubes, graphene nanoribbons or fullerenes can exhibit unique qualities,
such as high mechanical strength and excellent electrical, thermal and spin transport properties
[3-7]. Often, there is a close relationship between such features and the crystalline structure.
Thus, by tailoring the structure and dimensionality, one has the chance to modulate the
properties of the system. In three dimensions, one prominent example is graphite. Despite the
fact that graphene is the building block of graphite, the Bernal stacking of layers causes a drastic
change in the electronic band structure [8,9] as compared to the two-dimensional single layer
of graphene. However, turbostratic and epitaxial graphene exhibit a rotated layered arrangement,
which can electronically decouple the layers in an energy-interval around the K-point [10,11].
Indeed, electrons in epitaxial multilayer graphene, grown on silicon carbide have a linear energy
dispersion near the Dirac point, due to the rotation of the layers with respect to each other [12].
Turbostratic graphene disks exhibit furthermore a special quality: a particularly high charge
carrier mobility of up to 10* cm?/Vs in its central layers which are protected from the
environment [13].

Graphene was the first in the family of “2D-materials” to appear in the spotlight after having
been experimentally studied in-depth for the first time in 2004 [14,15]. Realizing the vast
potential of this group of materials, other mono- and few-layer systems like MoS> [16] and
black phosphorus [17] are becoming the subject of extensive research. The promises to use 2D-
materials and especially graphene in technological applications are a strong driving force here.
To date many different approaches have been developed to obtain graphene, such as mechanical
exfoliation, epitaxial growth and liquid-phase exfoliation through intercalation [18]. Growing
graphene with chemical vapor deposition (CVD) offers advantages compared to other methods
concerning the scalability of this process, which allows for the production of large
homogeneous films. However, while especially mechanical exfoliation can yield very high

quality graphene, which manifests itself, for example, in a high charge carrier mobility, CVD-
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graphene has previously lagged behind in this aspect. Only recently, mobilities of up to
350 000 cm?/Vs have been measured after the optimization of the growth and the transfer
processes [19].

While in its pure form graphene is inherently a two-dimensional material, graphene
nanoribbons (GNRs) and carbon nanotubes (CNTSs) are significantly confined along one lateral
dimension and thus become (quasi-)one-dimensional [20,21]. The geometrical confinement has
a strong effect on the electronic properties of GNRs and CNTSs. In fact, if the translational
symmetry of the crystal lattice is broken, a band gap opens up [22,23]. In CNTs, the gap depends
on the chirality of the tube, i.e. how much the crystal direction of the hexagonal lattice is twisted
along the longitudinal axis of the tube [24]. Certain factors such as the size and morphology of
nucleation centers determine the chirality of a CNT during its growth process [25]. Yet, a fully
chirality-selective synthesis has not been achieved [26]. In contrast, in GNRs, where the band
gap is defined by the crystal direction, the edge structure and the width of the ribbon, the
synthetic method has been advancing significantly over the recent years. Through a bottom-up
chemical approach GNRs can be synthesized with structural perfection on the atomic level
[20,27,28].

In this paper, we concisely summarize our recent research activities on three selected carbon
materials: turbostratic graphene disks, N-doped graphene films and chemically synthesized
GNRs, in particular, focusing on their electronic structure. Each of these is a representative of
a three-dimensional, two-dimensional and one-dimensional world respectively and exhibits

characteristic charge transport properties.
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2. 3D: Turbostratic graphene disks

Turbostratic graphene (TG) is a stack of graphene where every adjacent layer is rotated by a
certain angle, which leads to a restoration of the linear band structure in an energy window
around the K-point known from single layer graphene [11]. Thus, in contrast to graphite, TG
retains 2D-charge transport properties with high charge carrier mobilities in the order of
10* cm?/Vs [13]. Due to its particularly low resistivity, the conductance mismatch problem for
spin-injection in semiconductors [29] can be mitigated. As for graphene-based materials in
general, there is a great potential to apply TG in spintronics, since graphene exhibits a low spin
orbit coupling and weak hyperfine interaction [30,31]. In 2007, the first successful spin
injection into graphene was demonstrated [7]. The high spin diffusion length, up to 30 um [6],
could be a key advantage of this material. To perform spin injection in single layer graphene a
tunneling barrier is typically required in order to overcome the conductivity mismatch problem,
which leads to the difficulty of growing a uniform oxide layer on graphene. We demonstrate
efficient spin injection into multilayer graphene with a non-local resistance value up to 0.5 mQ
(Figure 1) [32], rendering it a highly promising material for spintronic applications such as in
spin torque devices which have been demonstrated only in metal-based systems up to date
[33,34].

2.1. Fabrication of TG disks

The TG disks are here fabricated by the decomposition of hydrocarbons by exposing them to
the heat of an inert gas plasma, which can be carried out on an industrial scale in a plasma-arc
reactor. This process leads to the generation of micro-domain graphitic materials, such as
fullerenes, CNTs, open conical carbon structures (also called micro-cones) and preferentially
flat TG micro-disks [35]. The TG disks can be separated from this mixture of materials by

means of sonication, centrifugation and filtration [13].
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2.2. Transport properties of TG disks

In order to obtain a higher spin injection into a graphene-based spin conduit, it is advantageous
to use novel materials as injector electrodes. Heusler alloys, owing to their half-metallicity, are
predicted to have 100% spin polarization at the Fermi energy. Recently, Yamaguchi et al.
demonstrated the efficient combination of a graphene-based spin valve and a Heusler compound
as the injector [36]. A non-local signal of 430 Q, which is the largest value for graphene-based
devices so far, was reported.

In order to make optimal use of the spin transport properties of TG for the manipulation of local
magnetization patterns in a ferromagnet, we modify the device architecture as follows. Unlike
standard non-local spin valves where stripe-like ferromagnetic electrodes are usually patterned,
we tailor the injector and detector electrode into a half ring shape. This allows to accurately
nucleate a domain wall under a precise angle, which can be displaced by a pure diffusive spin
current provided by a non-magnetic spin conduit [33]. Domain walls have a homogeneous
magnetization on both sides of the magnetic structure and this feature can be used in order to
control the direction of the pure spin current injected in the non-magnetic material.

The anisotropic magnetoresistance effect (AMR) can be used to detect the presence of a domain
wall in the area probed by a local 4-point measurement. By applying fields along different
directions and relaxing the fields, domain walls can be spatially localized. According to Figure
2, a domain wall can be positioned in the contact area for angles between -10° and 30°. On the
opposite, the magnetic structure will be outside the contact area for angles greater than 30°
where the measured resistance is higher. This so-called mode étoile measurement [37] is crucial
in order to precisely probe the position of the domain wall and to control the direction of the
incoming pure spin current that will act on the magnetization of the detector electrode [33].
Furthermore, we detect the non-local spin signal even without tunnel barriers, which usually

help to overcome the conductivity mismatch for single layer graphene [7]. Hence, we conclude
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that successful spin injection into TG and spin transport over micrometer distances is possible
demonstrating that this material is a good candidate for use as a low-loss non-magnetic spin
conduit. The transparent contacts allow for much higher current densities compared to tunnel
contacts. Therefore, they will pave the way to achieve pure spin current injection through a

multilayer graphene spin conduit leading to efficient spin-torques acting on a domain wall to

displace it.
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Figure 1: a) Scanning electron microscope (SEM) image of a non-local spin valve device,
where cobalt electrodes were deposited on top of the TG disk. b) Non-local resistance

measurement (current applied between electrodes 1 and 2 and spin current detected between
electrodes 3 and 4). Images adapted from reference [32].
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Figure 2: a) SEM image of a non-local spin valve device, where permalloy half rings and
electrical contacts were deposited on top of the TG disk. b) Mode étoile measurement of the
wide bottom injector electrode. Inset: Red marks the contacts for current injection and yellow
the contacts for the voltage measurement.
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3. 2D: Doped and undoped graphene

Unlike TG, where the multilayer structure allows to retain important properties of pure
graphene due to the protection of central layers from environmental influence, a single layer of
graphene is often doped by adatoms or charge puddles related to the supporting substrate [38—
40]. In contrast to such uncontrolled alterations of graphene’s electronic properties, a promising
approach to tailor the band structure and the charge carrier properties is doping by heteroatoms,
which are either incorporated in the lattice replacing carbon atoms [41], or physisorbed to the
graphene surface while leaving the lattice intact [42,43]. Combining both approaches, allows
for flexible transitions between n- and p-type doping in the same crystal, which demonstrates
the versatility of changing the electronic properties in graphene by controlling the degree of
doping [44]. Furthermore, heteroatomic doping has even the potential to open up a band gap
[45-47]. Dopant concentrations of more than 15% have already been reached experimentally
with nitrogen and boron [48-51]. However, while the band gap increased in the boron doped
graphene, the mobility decreased due to a higher amount of backscattering effects [49]. This
result indicates that the requirements for any device have to be carefully weighed against each
other [48]. Improvements regarding one of the material’s properties might lead to an undesired
change of another one. The priorities have to be set according to the particular needs of the
application in question.

3.1. Fabrication of doped graphene

Different fabrication methods can be used to incorporate the dopants into the graphene lattice.
Hyperthermal ion implantation is an example for first growing pristine graphene and afterwards
inserting the dopants [52]. Here the quality of the obtained doped graphene depends critically
on the implantation beam energy and dose. Growing doped graphene in one step is also possible
for instance by using CVD. For example, doping with nitrogen [51,53,54], boron [55,56], sulfur

[57-59], phosphorus [60] and silicon [61] atoms has thus far been demonstrated by CVD.
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Among them, nitrogen is often a natural choice as a dopant due to its comparable size to carbon
while it hosts an additional valence electron. Furthermore, it can be easily integrated by using
additional precursors like NH3 or pyrrole [62]. To minimize lattice defects (such as vacancies)
the growth parameters have to be carefully adjusted, which already enabled charge carrier
mobilities of up to 350 000 cm? /Vs in undoped graphene [19].

3.2. Magneto-transport properties and their relation to gradual structural modification
The nature of doping in graphene can be elucidated by investigating and comparing electrical
transport and structural properties. Using Raman spectroscopy, it is possible to see phononic
excitations and to obtain structural information [63]. In transport measurements we have probed
the electrical resistance as a function of a perpendicularly applied magnetic field. In Figure 3
we compare the Raman spectra and the magnetoresistance (MR) curves of several samples with
different doping levels. The undoped graphene exhibits a small defect peak (D-peak) in the
Raman spectrum, which is an indication for a small level disorder and doping. The
intermediately doped samples have a higher D-peak and for the strongly doped sample the D-
peak even tops both the G- and the 2D-peak. The magnetoresistance (MR) for these four
samples also shows a strong dependence on doping as can be seen in Figure 3 e)-f). The positive
sign for the undoped curve can be described by the Lorentz-magnetoresistance while the
negative MR of the strongly doped sample cannot be described by a single model.

The magnetoresistance exhibits a smooth transition from positive values for undoped graphene
to negative values for strongly doped graphene [64]. Simultaneously varying a backgate-
voltage and the magnetic field leads to a shift in the absolute values of the resistance as well as

an altered relative behavior. The MR effect becomes the most pronounced near the Dirac point.
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Figure 3: Raman spectra for a) undoped, b), c¢) lightly doped and d) strongly doped graphene.

e)-f) show the MR effect for the same samples at temperatures between 2 and 3 K. a), d), ) and
f) adapted with permission from Ref. [64]. Copyright 2015 American Chemical Society.

Looking at the temperature dependence of the resistance of these samples, a transport gap can
be estimated by assuming Mott’s 2D-variable range hopping model. For the strongly doped
sample this leads to an activation energy or transport gap of (9.11 + 0.55) meV [64] while for
lower doping this goes down to (1.73 + 0.28) meV for undoped graphene indicating some
residual unintentional doping. However, for technological applications a transport gap due to
localization effects is not sufficient because only a conventional semiconducting energy band
gap allows for sizeable resistance modulations, as for example required in a field effect
transistor. Transport gaps and band gaps can be discriminated by examining the temperature
dependence of both resistivity and mobility at the same time [65]. Hence, simply increasing the
doping to increase the band gap is not a straightforward route towards applications since this
means, among other consequences, a reduction in charge carrier mobility.

Finally, weak localization (WL) can be seen as a peak in the MR-curves around 0 T (visible in
all MR -curves Figure 3 e)-f)) [30,66]. This effect can be observed in graphene at low
temperatures and usually at small magnetic fields. It arises from backscattering and constructive

interference between scattering paths that are identical and self-intersecting. WL leads to a rise
9
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in resistance and is enhanced for doped graphene due to the additional scattering possibilities.
It has been reported that WL is preserved up to room temperature in rather defective graphene
with mobilities as low as 430 cm?/Vs which was explained by the competition between valley-
dependent scattering and the thermal dephasing due to the defects [67]. The opposite effect,
weak anti-localization (WAL) occurs if the scattering paths are intersecting destructively, which
leads to a decrease in resistance. Transitions between WL and WAL have been observed above
a critical magnetic field [68].

Doping graphene offers an effective method to tune the properties of the pristine material.
Increased levels of doping can lead to the opening of a band gap and an increased number of
charge carriers but often at the same time decreases the charge carrier mobility [45,64]. To
improve the understanding of the effects of doping in graphene, systematic monitoring by
structural and electrical characterization methods while continuously changing the doping level
offers a viable route.

4. 1D: Graphene nanoribbons

Another approach to readily tailor the electronic properties of graphene and a very promising
route to open up a large band gap is geometrical confinement into nanometer-wide GNRs [22].
Soon after the experimental breakthrough of graphene, GNRs were recognized as materials with
great potential for a variety of applications, because of the possibility of precisely tailoring their
properties through the variation of their edge geometry and width [69-71]. According to the
different edge structures, GNRs can be divided into several classes, including armchair GNRs,
zigzag GNRs, chevron-type GNRs, and cove-edge GNRs [20,72,73]. Among all these different
structures, armchair GNRs have attracted tremendous research interest because of their high
chemical stability, and large and tunable band gap energy. Interestingly, the electronic structure
of armchair GNRs (N-AGNRs, where N is the number of carbon atoms across the ribbon) has

been shown to be extremely sensitive to the ribbon width, and can be divided into three
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subfamilies with Ny =3p, N, =3p+ 1, and N; =3p+2 (p=1,2,3,..) [22,74]. For a
comparable width, the predicted band gaps decrease drastically from N, to N; while N;
typically shows intermediate values. Moreover, the width of the ribbons in the three subfamilies
has been predicted to play an important role in tuning the polarity of carrier transport in AGNRs.
Therefore, it is of primary interest to engineer and investigate the electronic structures and
transport properties of AGNRs by tuning their width and edge structures. “Bottom-up”
synthesis has indeed enabled the fabrication of ultra-narrow (~1—2nm) GNRs and
demonstrated large band gaps of > 1 — 2 eV as well as visible to near-infrared absorption
[27,75-81] rendering them highly interesting materials for a broad range of applications in next-
generation transistors, as well as optoelectronic and photonic devices [82-84].

4.1. Synthesis of GNRs on catalytic surfaces

The fabrication of GNRs was first reported by top-down approaches, such as lithographical
patterning of graphene [85,86], ultrasonication breaking of graphene sheets [87], and unzipping
of carbon nanotubes [88,89]. However, most of the GNRs obtained are wider than 10 nm and
exhibit limited gate modulation [85,86]. Besides, the width and edge structures of these top-
down fabricated GNRs are poorly controlled. To remedy this, the bottom-up approaches have
been developed to synthesize atomically precise GNRs. The tailor-made molecular precursors
are chosen as building blocks for synthesis of the structurally well-defined GNRs by surface-
assisted [20,90,91] or solution-mediated [27,76—79] polymerization into linear polyphenylenes
followed by oxidative cyclodehydrogenation or “graphitization”. With the capability of
tailoring the monomer building blocks by modern synthetic chemistry [80], the bottom-up
approach renders the access to molecular-scale design of GNRs with engineered chemical and
electronic structures that cannot be achieved by the top-down approach. In the bottom-up
synthesis methods, bulk-scale synthesis of liquid-phase-processable GNRs has been reported.
The polymerization is the key step in the solution-mediated synthesis of GNRs, which
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determines the final structures of the GNRs as well as their length. For example, we have
reported a use of the AB-type Diels-Alder polymerization for the preparation of cove-type
GNRs with high longitudinal extension over 600 nm [27,75]. A2B2-type and AB-type Suzuki-
Miyaura polymerization have been reported for synthesis of armchair GNRs by our group [78]
and Dong et al. [92], respectively. By using various halogen group substituted monomers, an
AA-type Yamamoto polymerization has been used for synthesis of various cove-edge [73] and
chevron-type GNRs [79,93]. While most of the reported GNR synthesis solely relies on the
cyclodehydrogenation reaction in the graphitization step, Loo et al. [94] and Chalifoux et al.
[95] have reported the synthesis of narrow armchair GNRs using alkyne benzannulation
reactions. Despite the remarkable progress of the solution-mediated approach, processing of the
solution-synthesized GNRs is still a major obstacle due to their limited solubility and tendency
to aggregate in dispersions, compromising the performance of the electronic devices made with
them: The 1,,,/1,¢-ratio of only up to ~5 has been observed despite the large band gap of ~2
eV [96-98]. To solve this problem and make the GNRs suitable for device applications, in
collaboration with the group of Roman Fasel our group achieved the bottom-up synthesis of
atomically precise GNRs on a metal surface in an ultrahigh vacuum (UHV) condition [20]. In
this surface-assisted approach, monomers substituted with halogen groups are coupled into
linear polyphenylenes via radical polymerization, which subsequently undergo
cyclodehydrogenation into atomically precise GNRs of different topologies and widths. By
design and synthesis of various monomers, we have succeeded in the synthesis of GNR
structures, including 7-AGNRs [20], chevron-type GNRs [20], 6-ZGNRs [99], and even GNR
heterojunctions [90]. Inspired by our work, other groups have also worked on GNR synthesis
using this surface-assisted UHV method, and reported other GNRs such as narrow 5-AGNRs
[100], wider 13-AGNRs [101], and heteroatom doped GNRs [102-104]. However, the

elaborate and costly UHV equipment restricts the large-scale fabrication and further use of the
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GNRs. Sakaguchi et al. have proposed the use of the CVD method for the on-surface synthesis
of GNRs, with a two-zone furnace system under low pressure, and reported the fabrication of
three different armchair GNRs [105] and more recently cove-edge GNRs [106].

We have independently developed an efficient CVD process for the inexpensive and high-
throughput bottom-up synthesis of structurally defined GNRs and recently reported fabrication
of chevron-type GNRs and 7-AGNRs (subfamily N = 3p + 1) over large areas even under
ambient-pressure conditions (Figure 4) [28]. Notably, the CVD-grown GNRs exhibit structural
quality and properties comparable with those synthesized under UHV conditions as manifested
by Raman, high-resolution electron energy loss spectroscopy (HREELS), X-ray photoelectron
spectroscopy (XPS), and scanning tunneling microscopy (STM) analyses. Because of the high
versatility, our CVD process provides access to a broad class of GNRs with designed structures
and properties, e.g. 9-AGNRs of subfamily N = 3p and 5-AGNRs of subfamily N = 3p + 2
by using different monomers (Figure 5) [107]. Our “bottom-up” CVD method further allows
for the growth of N-doped and N, S-co-doped GNRs using nitrogen and sulfur containing
monomers. Moreover, fabricating heterojunctions such as p-N-GNRs with seamlessly
connected segments of pristine (p) and N-doped (n) GNRs was also achieved by co-depositing
the pristine monomer and its N- substituted equivalent on a Au/mica substrate in a CVD growth
[28]. Our CVD synthesis process thus furnishes GNRs with engineered topographic and
chemical structures, which ensures the possibility to study the relationship between the

structures and electronic properties of different GNRs.
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Figure 4: CVD synthesis of GNRs. a) Scheme of a two-zone ambient-pressure CVD system
for GNR growth. b) Photograph of a 25x75 mm? GNRs/Au/mica plate. Inset shows the STM
image of the CVD-grown GNRs. c) Optical microscope image of the GNR film transferred on
SiO2/Si substrate. Reproduced with permission from Ref. [28]. Copyright 2016, American
ghemical Society.
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Figure 5: Catalogue of molecular precursors for the CVD synthesis of structurally defined
chevron-type GNRs and their heterojunctions (a), and armchair GNRs with different width

(b).

4.2. Electronic properties of bottom-up synthesized GNRs

In the course of a continuing miniaturization of electronics, one major vision is the
implementation of a single GNR in a working electronic device, such as a single GNR-field
effect transistor (single GNR-FET). This goal is nevertheless a tremendous technological

challenge with two main steps to take: The first one is the deposition of a single isolated
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nanoribbon at a pre-defined location on a chip or wafer-substrate. Secondly, a reliable electrical
connection has to be established. Several attempts have been reported on the fabrication of
single GNR-FETS, but the device performance has been significantly compromised by the
dominant contact resistance (vide infra) [28,108]. We have recently investigated, both, short
channel devices aiming to probe only one or few ribbons, and long channel devices,
demonstrating the charge transport properties of GNR networks [28].

4.2.1. GNR transfer process

A way to avoid the first drawback could be to adapt the synthesis process of the nanoribbons
such, that they already grow at a desired location or in an aligned fashion [109,110]. However,
in most cases the GNRs are grown either in solution or on a metallic surface as described and
have to be deposited on the surface of an insulating substrate in order to fabricate a device based
on charge transport. For GNRs grown on metallic surfaces, methods have been developed to
transfer the as-grown GNR film as a whole to an insulating substrate such as Si/SiO>
[20,28,108]. In order to avoid degradation of the GNRs some of these methods have been
devised to not involve sacrificial polymer layers such as poly(methyl methacrylate) (PMMA)
as described elsewhere [28].

4.2.2. Charge transport in bottom-up synthesized GNRs

Two complications come along with the use of GNRs as a transistor material: Firstly, the typical
length of bottom-up synthesized GNRs ranges from tens to hundreds of nanometers, meaning
that the active channel length in a transistor becomes very small. In the case of traditional
MOSFETSs, “small” means that the channel length is comparable to the lateral extent of the
depletion layers of source and drain electrode [111,112] and the consequences that arise for its
operation are subsumed under the term *“short-channel-effects®. There are predictions for

graphene and GNRs that the reduced channel thickness (graphene is ultimately thin with only
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one atom) makes it more robust against such short-channel effects. However, experimental
evidence [113,114] is scarce here, which calls for further studies.

Secondly, to establish Ohmic contacts to a nano-object with a very small surface area and being
only one atom thick is yet of greater importance, as the series resistance between channel and
electrodes has an even higher impact than the gate length reduction [115,116]. Many reports
attempting to fabricate single GNR-FETSs discuss the issue of Schottky-like energy barriers at
the metal/GNR interfaces, which inhibit the current flow and are thus one major limitation of
charge injection in single or few-ribbon devices [28,108,117]. Such barriers due to band
mismatch between channel and contact metal degrade the transistor performance and lead to
limited I,,,,/1,¢¢-ratios. Although a pronounced field effect [28] is regularly observed in long
channel devices, the situation is often not as clear in short channel devices. In Figure 6 we
exemplarily show a measurement of a short channel device where the dependence of the
channel-current on gate voltage is negligible. A second factor contributing to the masking of
the electric field effect is the ratio of channel length and thickness of the gate dielectric. For a
thick gate barrier oxide of ts;p, = 300 nm the metallic leads will screen a large fraction of the
electric field, if the channel length is in the range of only a few nanometers. In a situation where
the device resistance is already limited by Schottky-barriers, no field effect can be observed.
Alternatively, long channel devices, where the electrode spacing lies in the range of
micrometers, offer a certain flexibility for charge transport studies. The fabrication of such
devices usually involves fewer steps and less contamination to the GNR channel, since
treatment with organic solvents, photoresists and energetic electron beams in lithography
processes are minimized or even completely avoided. Such contaminations easily lead to a
degradation of the device performance [28,94,96,118,119].

We have thus fabricated devices where the channel lengths of GNR network transistors are
approximately 1-2 pm (Figure 7 a, b). The electrical resistance of the devices can be
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modulated by negative gate voltages, indicating a hole-dominated transport. This p-type
behavior can be a result of charge transfer doping induced by adatoms and the substrate. For
graphene and related materials, it is well established that impurities on a SiO> surface [120] as
well as atoms and molecules present in ambient conditions such as water [121] act as strong p-
dopants. As the measurements in this case have been conducted in ambient conditions and
Si/SiOz is the supporting substrate, we assume these influences to be present in our samples. A
transition of p- to n-type transport has previously been seen by Bennett et al. [108]. With an
Ion/1,¢-ratio of 6000, such long channel devices show a superior gate modulation of the
resistance and they even perform better than ultra-narrow channel devices [108] for devices
where SiO: is used as a gate barrier. Another proposed use of carbon-based structures is to
contact other organic conductors as Schottky barriers that form in contact to metal can be
reduced or avoided. Thus, carbon-carbon interactions are beneficial to reduce the contact
resistance and to facilitate charge injection. Single and multi-layer graphene has been
demonstrated to be an ideal candidate for this purpose [28]. In order to fabricate electronic
devices with a reasonable amount of GNRs as an active channel a small separation between two
graphene films is needed. It is possible to obtain such a nano-gap by cutting a graphene film
into two. On the one hand, electron beam lithography may yield such gaps. However, ultimately
small gaps are obtained by employing electromigration, a well-known technique to obtain
atomic break-junctions in metals [122]. This method has previously been used to electrically
contact ultimately small structures such as single molecular magnets [123]. As we demonstrated,
this approach is equivalently suitable to contact GNRs (Figure 7 a, b). Indeed, we observe an
improved contact resistance along with n-type conduction and an I, /1,¢¢-ratio of >100 only
limited by the gate voltage applied in the measurement. We expect that by further optimizations
of growth, transfer and device integration, the exploration of GNRs with their exciting
properties will finally become fully accessible. An obvious advantage for this process is that
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one can rely on readily existing techniques, developed for reaching the ultimate performance

limits of graphene-based devices, e.g. the usage of hexagonal boron nitride as supporting

material.
a b
<
c
=
Chevron GNR sio, g
Si(p++) 5‘
0,1 1
Voltage / V

Figure 6: a) Idealized schematic drawing of a single Chevron-GNR field effect transistor. b) I-
V-characteristics of a real short channel device. Vg, denotes the applied back gate voltage. The
inset shows an SEM image of a short channel device, where the Pd-contact electrodes are
marked in blue. The area in red is the active GNR-channel. The shortest part of the gap is 45 nm,
which is approximately 5 times the average length of a single GNR [28].
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Figure 7: Electrical characteristics of FET devices fabricated with CVD-grown chevron-type
GNRs. a) Optical micrograph of long channel device (golden) with a channel length of 1 -

2 um on a Si/SiOz-substrate (dark blue background). b) Dependence of source-drain current
on back gate voltage measured in the long channel devices. The GNR show a unipolar p-type
transport behavior with an 1,,, /1, ¢¢-ratio of > 1000 in the presented measurement. Inset
shows the scheme of the device and the GNR structure. ¢) SEM image of the device on SiC
substrate with graphene contacts. d) Transfer curves of a typical GNR device with graphene
electrodes, exhibiting an n-type conduction with high I, /I, ¢-ratio. Adapted with permission
from Ref. [28]. Copyright 2016 American Chemical Society.

5. Conclusions

In summary, we have studied three carbon materials with complementary properties, namely
TG, doped graphene and bottom-up synthesized GNRs. For TG we have demonstrated 2D-
transport properties [13]. The efficient spin injection through transparent contacts renders this
material a promising spin conduit in spin-torque devices, where one can efficiently displace
magnetic domain walls in a ferromagnetic material.

Hetero-atomic doping in graphene enables a wide range of modifications of its electronic
properties e.g. a band gap opening and the modulation of the charge carrier density [45,64]. In

CVD-synthesized N-doped graphene, the nitrogen dopants contain mainly three different
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bonding configurations (graphitic N, pyridinic N and pyrrolic N) which distribute across the
sample depending on the growth conditions. Each configuration changes the electronic
structure and thus charge transport properties in a different way [124]. In our work, we find that
increasing the level of N-doping leads to a gradual change in the shape of the MR-curve
accompanied with a sign change from positive to negative MR. Further studies combining
structural and electrical investigation will complete the picture of the electronic structure
changing with the configuration and arrangement of the nitrogen dopants in graphene. As an
example, we have elucidated that photochemical doping allows one to tune the Fermi level of
graphene locally with complex and controllable spatial doping-profiles opening the way for
novel applications such as optically defined p-n-junctions [44].

Finally, we have demonstrated the versatility of GNR synthesis by a simple ambient-pressure
CVD method, being capable of high-throughput and scalable growth of various GNR structures
at low cost for facile device integration. Nevertheless, the device integration of atomically
perfect GNRs is still in its early stages. The performances of FET devices fabricated with few
or single GNRs are regularly compromised by Schottky-like transport barriers, precluding
access to the intrinsic transport properties of the GNRs. We suggest that development of wider
GNRs with smaller band gaps and growth of longer GNRs through optimization of the CVD
process further reduces the impact of Schottky-barriers and contact resistance. Up to now, the
band gaps of the GNRs used for device studies are typically in the range of several eV.
Complementary to wider GNRs, development of GNRs in the low-band gap N = 3p —1
family will also facilitate transport experiments on chemically derived GNRs. In parallel, we
explore graphitic electrodes where carbon-carbon interactions improve the electrical contact,
reducing the contact resistance between electric lead and active channel drastically. Following
these routes, GNRs may provide practical solutions to the current challenges for nano-electronic,

optoelectronic, and photonic devices in the future.
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