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Research on the new star material, graphene, is growing at a
speed notably faster than that of its elder sisters [fullerenes

(discovered in 19851) and carbon nanotubes (discovered in 19912)]
due to its intriguing electronic,3�12 mechanical,13 chemical14,15

and thermal properties,16�18 and numerous potential applications.
One of its most promising potential applications is as a future
replacement for silicon in electronics and spintronics.3,5,19�22

For example, the past few years have seen the emergence of an
extensive body of literature examining graphene transistors, with
a special focus on field-effect transistors (FETs).23 The motiva-
tion for using graphene in electronic devices is to build faster and
smaller chips. Given that the commercialized silicon technology
of today is capable of producing memory cells with an average
half-pitch of 32 nm—which is very close to its quantum limit
(i.e., ∼5�10 nm)—graphene-based electronics solutions are
being proposed to maintain the famous rule propounded in
Moore’s Law in the microelectronics of the future. To develop
high-performance chips, it is crucial that the average size of the
electronic unit (e.g., FET) is reduced and more device units are
integrated into each chip.

The application of graphene in FETs requires a medium-sized
band gap (e.g., 1.2 eV) and a high carrier mobility. Though
pristine graphene has a very high carrier mobility, graphene is a
gapless semi-metal.12 There are several ways to open a medium
band gap in graphene for transistor application: (i) introducing
defects or doping the graphene;24,25 (ii) chemical functionaliza-
tion, e.g. hydrogenation or oxidation;26�28 and (iii) cutting graphene
into one-dimensional (1D) narrow graphene nanoribbons
(GNRs).29�32 Among thesemethods, (i) and (ii) will significantly

reduce carrier mobility by 3�5 orders of magnitude because of
the introduction of carrier-scattering centers or charge-trapping
sites into the graphene wall.26,33,34 Although method (iii) may
also affect carrier mobility by 1�2 orders of magnitude due to the
appearance of edge state, the carrier mobility drop is notably
smaller compared with those of (i) and (ii) since only C atoms
near the GNR edge are affected.35,36 Thus, cutting graphene into
ribbons is the most desirable method for opening band gaps.
Synthesizing high-quality GNRs or cutting graphene into high-
quality narrow ribbons presents a big challenge for the fabrication
of graphene FETs.37 High-quality GNRs with well-defined width
and edge structures have recently been successfully synthesized
by employing a bottom-up method on a transition metal
surface.17 How to integrate these high-quality GNRs into de-
signed devices is also another pressing challenge.

As a two-dimensional (2D) material in a three-dimensional
(3D) space, graphene is not mechanically robust to in-plane
compression or torque. In practice, free-standing or suspended
graphene can be twisted or buckled quite easily.38�40 This is
because the effective thickness of a single layer graphene is very
small, t ≈ 0.09 nm,41 and thus its flexural rigidity, which is
proportional to t3, is extremely low.39,42 It is known that any
significant mechanical deformation can notably alter the electro-
nic or magnetic properties of GNRs.12 One can use a substrate to
support GNRs tomitigate their mechanical deficiencies. However,
when graphene is laid on a substrate, the interaction between
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ABSTRACT: We propose integrating graphene nanoribbons
(GNRs) onto a substrate in an upright position whereby they
are chemically bound to the substrate at the basal edge. Extensive
ab initio calculations show that both nickel (Ni)- and diamond-
supported upright GNRs are feasible for synthesis and are
mechanically robust. Moreover, the substrate-supported GNRs
display electronic and magnetic properties nearly the same
as those of free-standing GNRs. Due to the extremely small
footprint of an upright GNR on a substrate, standing GNRs
are ideal building blocks for synthesis of subnanometer elec-
tronic or spintronic devices. Theoretically, standing GNR-based
microchips with field-effect transistor (FET) densities up to
1013 per cm2 are achievable.
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π electrons of this single-atom-thick material and the substrate
electrons might significantly change both the electronic structure
and the carrier mobility of the graphene. For example, deposit-
ing graphene on a SiC surface opens a band gap at theDirac point.43

Hence, it will be of both fundamental interest and practical
importance to develop methods of integrating GNRs onto
substrate without significantly altering their electronic structure
or carrier mobility.

In this article, we report a theoretical study of integrating GNR
onto a substrate by establishing a strong chemical bond between
one edge of the GNR and the substrate. Experimentally, such
structures that are called graphene nanowalls (GNWs) in the
literature have been synthesized,44�46 but understanding their
formationmechanism and properties is very limited. As examples
of two extreme cases, Ni- and diamond-supported standing
GNRs (NiSS-GNRs and DSS-GNRs) are thoroughly studied
through ab initio calculations. Our studies show that both NiSS-
GNRs and DSS-GNRs are mechanically robust, and the standing
GNRs maintain electronic and magnetic properties very similar
to those of free-standing GNRs and ensure a high carrier mobility
because most of the π electrons of GNRs are untouched. Beyond
these advantages, a standing GNR is only one atom thick, and the
distance between standing GNRs on a substrate can be reduced
to less than 1 nm. Ideally, the very small distance between
standing GNRs opens the door to the fabrication of microchips
with an extremely high level of FET density of up to 1013 per cm2,
which is about 3�4 orders of magnitude denser than those made
using current Si technology.

A DSS-GNR is composed of a diamond substrate, the (111)
surface of which is terminated by H atoms, and a standing GNR,
in which one of the edges is tightly bound to the diamond surface

by strong C�C σ bonds (Figure 1a and b). A NiSS-GNR is
constructed by Ni(111) surface and a standing GNR with one
edge tightly bound to the nickel surface. For both surfaces, two
types of standing GNRs—armchair GNRs (AM-GNRs) and
zigzag GNRs (ZZ-GNRs)—are explored. All structures and
electronic/magnetic properties are investigated using a density-
functional theory (DFT) method implemented in the Vienna ab
initio simulation package (VASP). The ion�electron interac-
tions are treated with the projected augmented wave (PAW)
pseudopotentials47,48 using the Perdew�Burke�Ernzerhof
(PBE) exchange-correlation functional49 for the spin-polarized
generalized gradient correction. Although the PBE method
cannot be used to accurately study the weak interactions, e.g.,
the interaction between two parallel graphene walls, it is reliable
for our study since the upright standing formation of graphene on
a substrate is driven by the strong chemical bonding between C
atoms on the unpassivated graphene edge and atoms of the
substrate. Symmetry-unrestricted optimizations of both geometry
and spin are performed using the conjugate gradient scheme
until the force component on every atom is less than 0.02 eV/Å,
and the energy cutoff chosen is 400 eV. The Brillouin zone is
sampled by 28 k-points for DSS-GNR and 5 k-points for NiSS-
GNR along the periodic direction using the Monkhorst�Pack
scheme. The diamond (111) surfaces are modeled by six layers of
bulk carbon atoms with a vacuum region of more than 10 Å, and
the Ni(111) surfaces are modeled by two layers with a fixed
bottom layer.

Let us first consider the feasibility of realizing an upright GNR
formation on a diamond substrate. Approaching a GNRwith free
edges (i.e., no edge atom termination) to a bare diamond surface
(i.e., no surface passivation) is barrierless and involves a significant

Figure 1. Scheme of X (H or F)-terminatedGNRs reacting with aH-passivated diamond (111) surface: (a) and (b) correspond to zigzag- and armchair-
edged GNRs, respectively, in which the ribbon widths of the zigzag and armchair GNRs are denoted by n. (c) Formation energy of the standing zigzag
(black solid circles) and armchair (red open squares) GNRs as a function of the tilted angle, θ. (d) Self-standing up of a GNR initially lying on a diamond
(111) surface.
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energy deduction. As shown in Supporting Information (SI)
Figure S1, our calculation indicates a notable energy deduction of
3.2/4.7 eV per C�C bond for AM/ZZ GNR. There is therefore
no doubt that an upright GNR formation can be realized using
the chemical operation described above followed by termina-
tion/passivation of the GNR/substrate with hydrogen.

It is known that both GNRs with free edges and bare diamond
surfaces have high formation energies and thus are not as stable as
terminated or passivated ones. Beyond that, the fusion of edge-
freed GNRs on a diamond surface may also prevent such a
fabrication process. An alternative and more feasible way to
synthesizeDSS-GNRs is to approach a hydrogen (H)- or fluorine
(F)-terminated GNRs to a H-passivated diamond surface and
create the standingGNR through recombination of the passivated
H and terminated H/F atoms. Figure 1 shows the reaction of
an X (X = H or F)-terminated ZZ-GNR (Figure 1a) and AM-
GNRs (Figure 1b) with a H-passivated diamond (111) surface.
The formation energies (EF) of the DSS-GNRs are calculated as

EF ¼ EDSS-GNR þ EHX � ED � EGNR

where ED, EGNR, EDSS-GNR, and EHX are the energies of the
diamond substrate, the GNR, the DSS-GNR, and the desorbed
HX (i.e., H2 or HF) molecules, respectively. For X = H, the
formation energies of the standing ZZ-GNR and AM-GNR are
0.76 eV/atom and 1.4 eV/atom, respectively, indicating that such
a reaction is not energetically preferred. For X = F, the formation
energies are significantly reduced to �0.52 eV/atom and
0.04 eV/atom, respectively. Further calculation indicates that
the barrier of the reaction between a fluorinated ZZ-GNR and a
H-passivated diamond(111) surface is moderate, 2.7 eV (see
Figure S2 (SI)). Such a reaction can easily occurr at an elevated
temperature, 800�1000 �C, in a few seconds. It can thus be
concluded that DSS-GNRs can also be achieved by chemical
reactions between terminated GNRs and a passivated diamond
surface. The above calculations also indicate that the zigzag
DSS-GNRs (DSS-ZZ-GNRs) are energetically more favorable
than armchair ones (DSS-AM-GNRs).

The foregoing calculations show that, theoretically, it is
possible to realize chemical bonding between GNRs and a
substrate by direct assembly of GNRs with a substrate. Experi-
mentally, there’s another way to achieve the standing GNR
formation: direct growth of upright oriented graphene on a
substrate. Very recently, Chen et al. have synthesized vertically
oriented graphene on various substrates, from covalent crystal Si
to transition metal Au.44�46 Kondo and co-workers have re-
ported the synthesis of “planar graphene layers standing almost
vertically on the substrate”.50 All these present experimental
studies showed the potential of synthesizing standing GNR on a
properly prepared substrate. Motivated by the recent experi-
mental progress, we have designed an experimental method to
achieve the standing GNR pattern with controlled ribbon height
(shown in Figure S4 in SI). The synthesis of the standing GNR
pattern requires using lithography patterning technology, transi-
tion metal catalyzed graphene CVD growth, and ion beam
etching technology. Since all these technologies have matured,
the success of the GNR pattern synthesis should not a big
challenge.

Let us now consider the stability of the standing GNR
formation. Structural optimization shows that a GNR standing
vertically on the substrate corresponds to a minimum of the
potential energy surface (PES) (Figure 1a and b). The energy of

the GNR as a function of the tilted angle θ is calculated
(Figure 1c) to study the stability of the standing GNR in more
detail. It can be seen that θ = 90� is the global minimum of the
PES, demonstrating that GNRs prefer to stand vertically on the
substrate surface. For both cases, the energy rises to more than
5.0 eV/nm at θ = 30�, showing the high robusticity of the
vertically standing GNR. This can be explained by the strong
orientation dependence of the C�C covalent σ bond. For
example, for a zigzag GNR, each sp2 hybridized edge atom on
a ZZ-GNR has a dangling bond perpendicularly toward the
diamond surface, and each sp3 hybridized C atom on the
diamond surface has another dangling bond in the opposite
direction. The meeting of the two unsaturated C atoms forms a
strong C�C σ bond perpendicular to the diamond surface (see
the inset in Figure 1a). It should be noted that the σ bond is
between an sp2 hybridized C atom (the C atom belongs to the
GNR) and an sp3 hybridized C atom (the C atom belongs to
the diamond) and thus carries formation energy of the interface
between the GNR and the diamond substrate.51 However, for the
standing AM-GNR, a newly formed C�C bond has to be bent
slightly to fit the lattice structure of the diamond (111) surface (inset
in Figure 1b). For example, the twobond angles deviate from109� to
94� and 112�, respectively. This also explains why DSS-ZZ-GNRs
are energetically more favorable than DSS-AM-GNRs.

To further demonstrate the robusticity and feasibility of the
standing GNR formation, we perform a DFT-based molecular
dynamic simulation and a conjugated gradient (CG) optimiza-
tion in which the initial structure is a zigzag GNR lying flatly on a
bare diamond surface. The initial GNR�diamond distance is set
as 0.22 nm, significantly larger than the distance of a C�C bond,
and the GNR has one H-terminated edge and one unterminated
edge. During both the MD simulation and the CG optimization
(see SI , ja2037854_si_001.mpg, and ja2037854_si_002.mpg for
details), with a notable energy deduction, the chemical bonds
between the unterminated GNR edge and the bare diamond
surface form quickly (Figure 1d). Formation of the chemical
bonds initially results in a high degree of curvature in the ribbon
wall (see insets in Figure 1d). The GNR then stands up slowly
with an energy reduction due to relaxation of its curvature energy.

It is not a surprise that a chemically bonded GNR tends to
stand vertically on a diamond surface because of the strong
orientation dependence of the C�C covalent bind at the
GNR�diamond interface. The similar standing GNR formation
can be expected to be achieved on other substrate materials such
as Si, SiO2, Al2O3, or SiC. To further illustrate the universality of
the standing GNR formation on a flat substrate, the standing
GNR formation on a typical transition metal surface, Ni (111), is
shown in Figure 2. For a GNR which interacts with the Ni(111)
surface through a free edge, the upright position, where the tilt
angle θ = 90�, is the global minimum of the potential energy
surface. However, the small energy change indicates that its
tendency of standing up is weaker than that on a diamond
surface. The energy change from the global minimum, θ = 90�, to
θ = 30� is about 2.5 eV, which is about half the corresponding
energy change on a diamond surface, ∼5.0 eV.

In addition to the feasibility and robusticity of DSS-GNRs,
their electronic and magnetic properties are also attractive.
Several previous studies have indicated that graphene�substrate
interaction may greatly change the electronic and magnetic
properties of pristine graphene.43,52 In this context, only one
edge of the standing GNR interacts with the substrate. The
π electrons in most parts of the GNR, especially those around its



16075 dx.doi.org/10.1021/ja2037854 |J. Am. Chem. Soc. 2011, 133, 16072–16079

Journal of the American Chemical Society ARTICLE

upper edge, therefore remain untouched. Thus, we can anticipate
a uniform electronic structure along the supported 1D GNR and
consequently a high carrier mobility in the standing GNR.
According to the well-established tight binding (TB) model,
the confinement of π electrons along the width direction of a
GNR fully determines the GNR’s electronic structure.53�56 One
edge of a GNR standing on a diamond surface is terminated by
H atoms, while another edge is terminated by the diamond,
which is a wide band gap semiconductor. The π electrons of the
GNR should therefore be well-confined between the H-termi-
nated edge and the substrate. We thus anticipate that each DSS-
GNR has an electronic structure similar to that of the corre-
sponding free-standing GNR. To test this prediction, a series of
calculations are carried out to explore the electronic and mag-
netic properties of DSS-GNRs.

We first explore DSS-AM-GNR(n) in which the width n varies
from 1 to 12. Our calculations demonstrate that in common with
free-standing AM-GNRs,53,57 the ground state of DSS-AM-GNR(n)

is nonmagnetic. In addition, the band gaps of DSS-AM-GNR(n)
exhibit a width-dependent oscillation (Figure 3a) with a periodi-
city of 3, following a hierarchy ofΔ3p+2 <Δ3p+1 <Δ3pwhere p is a
positive integer. This hierarchy is different from that of free-
standing AM-GNRs where Δ3p+2 < Δ3p < Δ3p+1.

53,57 This dif-
ference apparently originates from the unique edge termination
of standing GNRs: both edges of a free-standing AM-GNR are
terminated by H atoms, while one edge of a standing GNR is
terminated by the diamond substrate. As an example, graphs b, c,
and d of Figure 3 show the band structure and density of states
(DOS) of DSS-AM-GNR(n) with n = 10, 11, and 12, respec-
tively, together with the band-decomposed charge densities of
the valence band maximum (VBM) and the conducting band
minimum (CBM). It can be seen that both the valence band and
the conducting band originate from the constituent ribbon.
Among the three ribbons, the DSS-AM-GNR(11) has the
smallest band gap, and we can see that the charge of the VBM
or CBM is localized in the constituent ribbon only. This is
because both the VBM and CBM energies are located within the
diamond band gap, and thus there is no band mixture between
the GNR and the diamond substrate, while a noticeable band
mixture of VBM in DSS-AM-GNR(n = 12) is also observed
(Figure 3d). One can see that the valence band of the GNRmeets
that of the diamond substrate, leading to a mixture of the two
bands. As a consequence, the charge distribution of the VBM for
n = 12 disperses from the ribbon side into the diamond substrate
(graphic A in Figure 3d).

Although their band gap hierarchy is different from that of
free-standing AM-GNRs, the electronic structure of the DSS-
AM-GNRs around the Fermi level, e.g., the size of the band gap
opening as a function of ribbon width and the dispersion of
orbitals in the ribbon,53,57 is almost the same. We therefore
conclude that DSS-AM-GNRs retain the electronic properties of
corresponding free-standing AM-GNRs. This result is in good
agreement with the prediction of the TBmodel in which only the
ribbon width is a dominating parameter.

Figure 3. (a) Band gap of the DSS-AM-GNRs as a function of width n. Band structure, density of states (DOS), and band-decomposed charge densities
of VBM and CBM at the gamma point (Γ) for (b) n = 10, (c) n = 11, and (d) n = 12.

Figure 2. Upright standing graphene nanoribbon formation on Ni-
(111) surface (inset) and the corresponding relative energy as a function
of the tilt angle.
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Free-standing ZZ-GNRs are distinguished by their magnetic
property. A free-standing ZZ-GNR has an antiferromagnetic
ground state in which its two edges have opposite magnetic
moments. The ground state is semiconducting with a narrow
band gap.53,58,59 A strong transverse electric field can turn a ZZ-
GNR into a half-metal, thus enabling ZZ-GNRs to be used as
building blocks for spintronic devices.19�22

As shown in Figure 4a, the ground states of extremely narrow
DSS-ZZ-GNRs (n = 1, 2) are nonmagnetic, and the magnetic
(either ferromagnetic or antiferromagnetic, respectively) states
are unstable, which is different from those of H-passivated
GNRs.22 The difference can be attributed to the very different
edge termination. For n > 3, a more general pattern of behavior
emerges whereby the nonmagnetic (NM) state is less stable
than the magnetic one, but all states have very close energies.
The energy of the NM state is slightly higher than that of
the ferromagnetic (FM) and antiferromagnetic (AFM) state (the
energy difference is ∼0.03�0.04 eV/unit cell). Although the
AFM state is always the ground state for n > 3, the energy
difference between the FM and AFM states becomes negligible
(only ∼0.01 eV/unit cell) for n > 6. A similar trend has been
reported for free-standing ZZ-GNRs.58,59 Both the NM and FM
states are conductive, while the AFM state has a small band gap
that varies between 0.1 and 0.4 eV (Figure 4b). It should be noted
that the DFTmethod might notably underestimate the band gap
of the ribbon. With reasonable correction, the band gap of the
AFM state might be as high as 1.0 eV.53 Themagnetic moment of
the metastable FM state increases monotonically with ribbon
width n and approaches a saturated value of 0.6 μm per unit cell
(the number would be 0.49 μm per unit cell if the PW91
functional was used) (see the inset in Figure 4b).

To gain deep insight into the origins of the three DSS-ZZ-
GNR states, we take n = 6 as an example to calculate their band
structures, DOS, and the band-decomposed charge densities of
bands near the Fermi level. As shown in Figure 5a, the valence
band (VB) and conducting band (CB) of the NM state are nearly
degenerated in the region k ∈ [3/4π, π]. Only half of the VB and

CB are therefore occupied in this region. Taking spin polariza-
tion into account, four nearly degenerated bands (or orbitals) can
be identified in the [3/4π, π] region: two spin up (α) bands and
two spin down (β) bands. Because these four bands are only half
occupied (Figure 5a), they are metastable and tend to split into
two lower-energy occupied bands and two higher-energy un-
occupied bands with a reduction in total energy. There are two
ways in which these four bands split: (i) Figure 5af Figure 5b in
which bands with different spins split and both occupied lower-
energy bands are α bands, which correspond to the FM state;
(ii) Figure 5a f Figure 5c in which bands with the same spin
(α or β) split and result in one occupied α band and one
occupied β band. Given that the α band and the β band are
equally occupied, the total magnetic moment of the system
remains zero; this corresponds to the AFM state. For the FM
state, because the two occupied α bands (which can be regarded
as CB and VB) intersect each other in the [3/4π, π] region, it is
conductive (Figure 5b); for the AFM state, the splitting up of the
α and β bands leads to a band gap (Figure 5c) and thus enhances
the stability of the system.

The foregoing analysis explains the energy order of the NM,
FM, and AFM states and their corresponding electronic and
magnetic properties. Together with the band-decomposed charge
densities of bands near the Fermi surface (see SI, Figure S3), one
can see that termination of the GNR edge by the diamond surface
has only a minor effect on the electronic and magnetic properties
of the GNRs.

In sum, our calculations show that standing GNRs have
electronic and magnetic properties very similar to those of
corresponding free-standing GNRs. Although the dispersion of
orbitals into the substrate might result in a slight change to the
electronic structure of a standing GNR, the overall electronic/
magnetic properties of the standing ribbon are quite robust,
indicating that diamond passivation has only a small impact on

Figure 4. (a) Relative energies of the DSS-ZZ-GNRs as a function of
ribbon width n for antiferromagnetic (AFM), ferromagnetic (FM), and
nonmagnetic (NM) states. (b) Band gap of the DDS-ZZ-GNR(n) as
a function of ribbon width n for AFM, FM, and NM states. Inset in
(b) shows the magnetic moment (in units of μm) of the FM state as a
function of ribbon width n.

Figure 5. Band gap and density of states (DOS) near the Fermi level for
(a) nonmagnetic (NM), (b) ferromagnetic (FM), and (c) antiferro-
magnetic (AFM) states of DSS-ZZ-GNR(n = 6). Themagnetic moment
distributions (red represents spin up density and blue represents
spin down density) for the FM and AFM states are also inserted in
(b) and (c).
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the electronic structure of GNRs in comparison with the impacts
on ribbon width and orientation.

The robusticity of the electronic/magnetic properties of GNRs
can also be seen in another type of supported GNR in which both
edges of the ribbon are chemically bound to the substrate
(Figure 6). This newly designed GNR on a substrate surface has
a considerable bend in its graphene wall and resembles a partial
single-walled carbon nanotube (p-SWNT). Formation of a
p-SWNT on a substrate further enhances the flexural rigidity of
the GNR because both edges are tightly bound to the substrate,
and its effective thickness is therefore enhanced. It is interesting to
note that in a manner similar to that of standing GNRs, the
electronic and magnetic properties of a p-SWNT remain the same
as those of a corresponding free-standing GNR. Zigzag-edged
p-SWNTs have been identified as having three electronic states—
the NM, FM, and AFM states—and their ground state is again
AFM. The band structures and DOS of the three states are shown
in Figure 6d, e, and f, respectively. Compared with those shown in
Figure 5, we can see that there is almost no change in their

electronic and magnetic properties. In terms of the magnetic
moment distributions of the FMandAFMstates (Figure6b and c),
the p-SWNT shown in Figure 6 closely resembles a bent DSS-
ZZ-GNR(6).

Though the electronic and magnetic properties of the
p-SWNT are not significantly altered, the p-SWNT surface has
a large curvature, and the distributions of π electrons outside and
inside the p-SWNT wall are asymmetric. It can be seen that the
magnetic moment distribution outside the p-SWNTwall is more
abundant than that inside the wall. Its large curvature must also
affect its chemical properties as in SWNTs and fullerenes.60,61

For example, the wall of the p-SWNT can be more easily func-
tionalized from outside than flat graphene or GNRs.61

Similar to the standing GNR formation, the p-SWNT on
diamond surface can be simply realized by placing a free ended
GNR onto an unpassivated diamond surface. As shown in Figure 7a
(for details see ja2037854_si_004.avi and ja2037854_si_005.avi
in SI), C atoms on both free edges of the GNR forming strong
C�C covalent bonds with C atoms of the diamond surface lead

Figure 6. (a) Partial SWNT (p-SWNT) formation of a ZZ-GNR(6) with both edges bound to a diamond (111) surface. Magnetic moment
distributions of its ferromagnetic (b) and antiferromagnetic (c) states. Band gap and density of states (DOS) for nonmagnetic (d), ferromagnetic (e),
and antiferromagnetic (e) states of the GNR.

Figure 7. Formation of partial single walled carbon nanotubes (p-SWNT) on (a) diamond (111) surface and on Ni(111) surface and the total energy
change during the conjugated gradient structural optimization.
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to a significant energy drop in the initial stage of the conjugated
gradient (CG) structure optimization. Then the tendency of
both GNR edges standing up lifts the flat wall of GNR to form a
p-SWNT on the diamond surface. One might argue that the
merging of two unterminated edges of a GNR prefers a stable
SWNT formation than a p-SWNT. It should be noted that there
is a large barrier that prevents the SWNT formation because of
the rising of its curvature energy and edge formation energy.

A very similar process can be seen in the CG optimization of
free-edged GNRs on the Ni (111) surface (Figure 7b and movies
ja2037854_si_004.avi and ja2037854_si_005.avi in SI). The
tendency of standing up first changes the wall orientation near
both GNR edges while the central part remains flat with a
significant energy drop. Then it gradually turns the GNR wall
into a p-SWNT. While, as a consequence of stronger binding
between GNR edge and diamond surface, the p-SWNT on
diamond surface has significantly larger curvature than that on
a Ni(111) surface (Figure 7). Roughly, the GNR was turned into
a 1/4-SWNT on the Ni(111) and a 2/5-SWNT on the diamond
(111) surface, respectively.

In conclusion, we propose a method of integrating graphene
nanoribbons (GNRs) onto substrates with significantly enhanced
flexural rigidity while retaining the electronic and magnetic pro-
perties and high carrier mobility of pristine GNRs. We study in
detail both Ni- and diamond-supported standing GNRs (DSS-
GNRs) and partial SWNTs (in which both edges of the ribbons
are tightly bound to the Ni or diamond substrate) as examples.
The results show that both standing GNRs and p-SWNTs
maintain the electronic and magnetic properties of pristine
GNRs. Not only does this new method maintain the uniform
structure of the standing ribbons or p-SWNTs, which ensures
they have carrier mobility as high as that of pristine GNRs, this
method of integratingGNRs onto a substrate also opens the door
to the synthesis of high-performance graphene-based electronic
and magnetic devices such as FETs with a high on/off current
ratio. In comparison with GNRs laid on a substrate, standing
GNRs have an extremely narrow footprint/projected width on
the substrate (i.e., one atom thick), and their electronic proper-
ties can be tuned by changing their height. To maintain the
independent electronic properties of neighboring GNRs, it may
be necessary to space them at a distance of 0.7�1.0 nm, which is
double or triple the layer�layer distance in graphite. The new
technology discussed in this paper therefore lays the groundwork
for the development of subnanometer electronic technology.
Supposing an area of 10 nm2 is required to build a device unit on
a chip, such technology may make it possible to produce high-
performance electronic chips with an extremely high unit density
of 1013/cm2.
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