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Abstract

Graphane, hydrogenated graphene, can be patterned into electronic devices by selectively
removing hydrogen atoms. The most simple of such devices is the so-called nanoroad,
analogous to the graphene nanoribbon, where confinement—and the opening of a gap—is
obtained without the need for breaking the carbon bonds. In this work we address the
electronic transport properties of such systems considering different hydrogen impurities
within the conduction channel. We show, using a combination of density functional theory and
non-equilibrium Green’s functions, that hydrogen leads to significant changes in the transport

properties and in some cases to current polarization.

(Some figures may appear in colour only in the online journal)

1. Introduction

Since its synthesis in 2004 [1] graphene has drawn a lot of
attention from the scientific community [2—4]. Mainly due to
its unique geometry (a single layer of carbon atoms) [1] it
has tantalizing mechanical [5], thermal [6], electronic [4] and
transport [7] properties. The greatest issue hindering the use
of graphene as an electronic device, however, is the absence
of a intrinsic band gap. Thus far, opening a gap on its band
structure has been a difficult task [8]. A proposed alternative
is to confine the system into a one-dimensional structure, then
a band gap opening due to quantum effects is expected [9].
In order to do that several paths to synthesize graphene
stripes, known as graphene nanoribbons (GNRs), have been
tried; chemical [10], carbon nanotube unzipping [11, 12],
lithographic [13] and ion implantation on SiC [14] are a
few examples. Albeit lithographic patterning is promising for
large scale production —since it is a well established technique
—it faces problems with edge smoothness and width control,
connected to limitations in the technique’s resolution.

A different single layer material called graphane [15],
formed by fully hydrogenated graphene, can also be patterned
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using a lithographic technique [16]. In this case hydrogen
atoms are selectively removed from the structure forming a
graphene-like region. The main advantage here is that the
overall structure would remain two-dimensional, and thus
easier to integrate in a circuit. This patterned graphane, the
so-called nanoroads, was previously proposed and studied by
Singh et al [17]. They found that the graphene nanoroads
mimic some of the isolated GNRSs’ properties, such as band
gap and magnetic ordering.

Albeit the synthesis of the nanoroads is possible [16],
perfect edge smoothness could still be a problem—in a
manner similar to isolated GNRs—for synthesis. At the
nanoscale, even a single impurity could alter the system’s
electronic and transport properties. In particular, as a result
of the fabrication process, hydrogen impurities and vacancies
might be present in the system. Thus it is important for device
fabrication to determine the effects of such defects.

In order to assess the viability of nanoroads as
electronic devices we performed ab initio electronic transport
calculations, by means of density functional theory [18, 19]
coupled to Green’s function methods (GF) [20, 21]. We have
simulated systems containing several types of H impurities

© 2013 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Image showing the various configurations of the patterned graphene (nanoroads) used in our calculations. In (a), (c) and (h) the
pristine nanoroad is shown. In (a) the defect sites are indicated by the letters above the circles. In (d)—(g) the defective nanoroads are shown.
The dark colored atoms are hydrogen and the light colored ones are carbon. The cell sizes are 26.35 A long and 15.11 A wide. The central

region is a 7.57 A wide nanoroad.

or vacancies. We have observed a high attenuation on the
transmittance of almost all systems in the presence of
impurities; even a wider system has shown a perceptible
attenuation. Thus the presence of impurities significantly
alters the transport properties of the nanoroads, hindering its
applications to electronic devices.

2. Methodology

The system used in our calculations is a patterned graphane
in which the central region has no hydrogen atoms, forming a
nanoroad with armchair edges. The calculation the simulation
cell used was 26.35 A long (6 unit cells) and 15.11 A wide
(8 unit cells), and the actual nanoroad —the hydrogen-free
region —was 7.57 A wide, as shown in figure 1. We have also
simulated a wider nanoroad, of 17.45 A width, in order to
evaluate size effects on the system. The nanoroads simulated
are quite narrow, but to study single/few atoms defects the
systems are suitable. We can extrapolate the behavior of
larger systems from the results obtained in our calculations.
We also expect some similarities with the behavior of
nanoribbons with edge disorder. Mucciolo et al [22] and
Evaldsson et al [23] have studied disorder effects in graphene
nanoribbons. They observe conductance suppression even for
a small amount of defects. We expect to see similar effects for
the nanoroads studied.

For the transport calculations we divided our system into
three regions, a central scattering region connected to two
semi-infinite electrodes [24]. The electrodes were chosen to
be nanoroads with the same width as the scattering region.
To obtain the transmittance we used a Landauer—Biittiker-like
formula, based on the GF method [25, 26], within the two-spin
fluid approximation (neglecting spin—orbit interactions).

For our DFT calculations we employed the SIESTA
[27, 28] computational code. In this work we have used
a double zeta basis set with polarization orbitals, and
the generalized gradient approximation (GGA)—as param-
eterized by Perdew—Burke—Ernzerhof [29] (PBE)—for the
exchange—correlation functional. The atomic coordinates

were relaxed until forces were lower than 0.03 eV A_l.

In this work we have initially explored three different
positions for an extra H: on the edge (Hg), right after
the edge (Hp) and at the center of the nanoroad (Hp),
as shown in figure 1(a). We also considered a nanoroad
with a single H atom removed, a hydrogen vacancy (Hy).
Finally, we also explored the behavior of either constricted
or quantum-dot-like configurations in the system. The
constricted (Cx) arrangements were obtained by removing
either a single line of four atoms (C;) on one edge, or two
lines (C>) on each side (figure 1(b)). Analogously the widened
regions (Wyx) are formed by removing 4 (W) and 8 atoms
(W»), respectively.

In order to access the stability of these defective systems
we have calculated the binding (E},) and formation energies
(Er) per H atom:

1

Ey = ]T](ETH — Etc £ N * ETHA) (D
1

Er = N(ETH—ETC £ N * jn,), ()

where ETy is the total energy of the defective system, Etc is
the total energy of the clean system (with a nanoroad), N is the
number of inserted (removed) hydrogen atoms, ETga is the
total energy of a single isolated hydrogen atom and py; is the
total energy per atom for a H, molecule. The F sign indicates
respectively whether atoms have been added (constriction) or
removed (widened nanoroad).

3. Results

From our calculations we infer that the three positions
considered for the extra hydrogen are stable, as can be seen
from the negative binding energies in table 1, with higher
values near the edge. At the same time the formation energies
are positive, meaning that it is unfavorable for a Hy molecule
to dissociate and then bind to the interface. These results are
in line with calculations by Li et al [30]. The results for the
addition (removal) of two hydrogen atoms indicate that the
introduction of pairs of hydrogen atoms is more likely and



Nanotechnology 24 (2013) 495201

J M de Almeida et al

a b
2 ) )
w1
—
H, Ho
0
»©) 9. _
l | .
' |
i
@1 f @l S
= ~ s ’
— Spin Up DR )/
- - - Spin Down N '
----- Pristine He A . N H,
-2 -1 0 1 -2 -1 0 1 2
E-Ef (eV) E-Ef (eV)

Figure 2. Spin polarized transmittances of the single hydrogen defects: (a) Hg, (b) Hp, (¢) Hr and (d) Hy.

Table 1. Binding (E}) and formation energies (Ef) of the
constrictions, widened nanoroads and single hydrogen defects,
calculated with equations (1) and (2).

Structure Ey (eV) E; (eV)
Hg —1.78 0.36
Hp —1.29 0.84
Hp —0.68 1.46
Hy 343 1.29
C; —2.53 —-0.39
C, —2.54 -0.39
Wi 7.32 5.18
W, 5.13 2.98

also shows a tendency towards a fully hydrogenated graphane
structure as being the most stable one. These results indicate
that the dehydrogenation process in graphene is most likely to
lead to defects.

The transmittances for single H systems are plotted
in figure 2 and, except for the Hf case, they are highly
attenuated. In the Hp case the mirror symmetry present in
the original system is restored. We can see from figure 3(a)
that the level inserted by the hydrogen atom (indicated by
letter d), does not interact with the delocalized levels of the
pristine nanoroad. This is noted also in the wavefunctions at
the I point, plotted in figures 3(b)—(d). The pristine bands, (b)
and (c), are delocalized along the nanoroad and the hydrogen
level contributes to the wavefunction only around the defect.
Finally one also notes that the wavefunction for the valence
band has a node in the center of the nanoroad; thus the
conduction channels are weakly affected by an impurity at that
site. A similar feature is observed for the conduction band.
Consequently the transmittance is not significantly altered in
this case. In figure 2(d) —the case of a vacancy —one notes
a strong spin polarization of the transmission reaching up to
100% at approximately £0.5 eV around the Fermi level. In
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Figure 3. (a) The band structure, around the Fermi energy, for the
Hp defect. (b)—(d) The wavefunctions at the I" point for the
corresponding levels pointed in (a).

that region the device becomes perfectly spin polarized due to
scattering at the perfectly spin polarized defect states.

For the case of the widened and constricted nanoroads,
the effect of structure change in the electronic transport is
very pronounced. This can be seen in the severely attenuated
transmittances (compared to pristine nanoroads) shown in



Nanotechnology 24 (2013) 495201

J M de Almeida et al

m)
[
m
= )
]
——Spin Up
- - -Spin Dn
- Pristine

‘i

E-Ef (eV)

E-Ef (eV)

Figure 4. Spin polarized transmittances of the constrictions and widened nanoroads. (a) Cy, (b) C,, (c) W and (d) W,.

figure 4. In fact, in all cases shown here the first plateau for
energies above and below Ef is almost entirely quenched.
In all cases considered here there was no polarization of
the transmission coefficients. Thus, the modification in the
hybridization of few carbon atoms happens to play a big role
for the electronic transport. That is a problem for electronic
devices, as a small amount of misplaced hydrogen atoms can
greatly disturb the electronic transport.

Finally one could point that for wider nanoroads the
attenuation effects can be lowered. In order to assess that we
have simulated a 15 atom wide nanoroad (17.45 A wide),
with a Hg defect (ACR15HE). In figure 5 we show the
transmittance plotted for the ACR15HE. It can be seen that
attenuation still occurs, but especially near the Fermi energy
the up and down spin channels are not evenly affected. In
particular, a current polarization close to 100% is reached.
Than even for wider systems the effect of a single hydrogen
atom can be harmful to applications in electronic devices.
Thus, on the one hand, for systems with many defects, this
attenuation could be even more severe, as the conductance
decays vary rapidly with the length [31]. This behavior is
similar to edge disorder in graphene nanoribbons, as observed
by Mucciolo et al [22]. On the other hand, if a asymmetry
between up and down spin channels of the transmittance is
present, polarization effects can arise and be enhanced for
longer systems [32]. This kind of behavior is desired for spin
filters, a important device for spintronics [33]. This effect is
related to the fact that conductance and valence bands are
largely dominated by the edge states.

4. Conclusion

In summary, we have demonstrated that it is energetically
favorable for hydrogen atoms to bond to nanoroads. That
leads to a high suppression of the electronic transmittance,

w
= 6
——SpinT
——Spind
- - - - Pristine
0 1 2
E-Ef (eV)

Figure 5. Spin polarized transmittances of a 15 atom wide
nanoroad (ACR15) with a Hg defect.

creating problems to applications in electronic devices. Even
a single hydrogen can disturb the electronic transport, making
it a difficult task to synthesize a clean system with single
atom precision, to be useful for electronic devices. Despite
the problems for electronic devices the graphane/graphene
interface can be interesting to spintronics, as they show an
asymmetry on the transmittance of spin up and spin down
channels. This effect can be enhanced for longer systems,
making the nanoroads good candidates to spin filter devices.

Acknowledgments

The authors acknowledge FAPESP and CNPq for financial
support and also CCE-USP, HPC-UFABC and CENAPAD/SP
for the computational time.



Nanotechnology 24 (2013) 495201

J M de Almeida et al

References

(1]

(2]
(3]
(4]

(3]
(6]

(7]
(8]
(9]
[10]
(11]

(12]
[13]

[14]
[15]

[16]

Novoselov K S, Geim A K, Morozov S V, Jiang D, Zhang Y,
Dubonos S V, Grigorieva I V and Firsov A A 2004 Science
306 666-9

Geim A K and Novoselov K S 2007 Nature Mater. 6 183-91

Novoselov K, Geim A, Morozov S, Jiang D, Katsnelson M,
Grigorieva I, Dubonos S and Firsov A 2005 Nature
438 197-200

Castro Neto A H, Guinea F, Peres N M R, Novoselov K S and
Geim A K 2009 Rev. Mod. Phys. 81 109-62

Lee C, Wei X, Kysar J W and Hone J 2008 Science 321 385-8

Balandin A A, Ghosh S, Bao W, Calizo I, Teweldebrhan D,
Miao F and Lau C N 2008 Nano Lett. 8 902-7

Charlier J C, Blase X and Roche S 2007 Rev. Mod. Phys.

79 677-732

Novoselov K 2007 Nature Mater. 6 720

Brey L and Fertig H A 2006 Phys. Rev. B 73 235411

Campos-Delgado J et al 2008 Nano Lett. 8 2773-8

Jiao L, Zhang L, Wang X, Diankov G and Dai H 2009 Nature
458 877

Tao C et al 2011 Nature Phys. 7 616-20

Han M Y, Ozyilmaz B, Zhang Y and Kim P 2007 Phys. Rev.
Lett. 98 206805

Tongay S, Lemaitre M, Fridmann J, Hebard A F, Gila B P and
Appleton B R 2012 Appl. Phys. Lett. 100 073501

Sofo J O, Chaudhari A S and Barber G D 2007 Phys. Rev. B
75 153401

Wang Y, Xu X, Lu J, Lin M, Bao Q, Oezyilmaz B and
Loh K P 2010 ACS Nano 4 6146-52

(17]
(18]
[19]
[20]
[21]
[22]
(23]
[24]
[25]

[26]
[27]

(28]
[29]
[30]
(31]
(32]

[33]

Singh A K and Yakobson B I 2009 Nano Lett. 9 1540-3

Hohenberg P and Kohn W 1964 Phys. Rev. B 136 B864

Kohn W and Sham L 1965 Phys. Rev. 140 1133

Rocha A R, Garcia-suarez V M, Bailey S W, Lambert C J,
Ferrer J and Sanvito S 2005 Nature Mater. 4 335

Novaes F D, Silva A A J R d and Fazzio A 2006 Braz. J. Phys.
36 799-807

Mucciolo E R, Castro Neto A H and Lewenkopf C H 2009
Phys. Rev. B 79 075407

Evaldsson M, Zozoulenko I V, Xu H and Heinzel T 2008
Phys. Rev. B 78 161407

Caroli C, Combescot R, Nozieres P and Saint-James D 1971
J. Phys. C: Solid State Phys. 4 916

Buttiker M 1986 Phys. Rev. Lett. 57 1761-4

Landauer R 1970 Phil. Mag. 21 863-7

Soler J, Artacho E, Gale J, Garcia A, Junquera J, Ordejon P
and Sanchez-Portal D 2002 J. Phys.: Condens. Matter
14 2745-79

Artacho E et al 2008 J. Phys.: Condens. Matter 20 064208

Perdew J, Burke K and Ernzerhof M 1996 Phys. Rev. Lett.
77 3865-8

Li Y, Zhou Z, Shen P and Chen Z 2009 J. Phys. Chem. C
113 15043-5

de Almeida J M, Rocha A R, da Silva A J R and Fazzio A
2011 Phys. Rev. B 84 085412

Rocha A R, Martins T B, Fazzio A and da Silva A J R 2010
Nanotechnology 21 345202

Zuti¢ I, Fabian J and Das Sarma S 2004 Rev. Mod. Phys.
76 323-410


http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1126/science.1102896
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nmat1849
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1038/nature04233
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1103/RevModPhys.81.109
http://dx.doi.org/10.1126/science.1157996
http://dx.doi.org/10.1126/science.1157996
http://dx.doi.org/10.1021/nl0731872
http://dx.doi.org/10.1021/nl0731872
http://dx.doi.org/10.1103/RevModPhys.79.677
http://dx.doi.org/10.1103/RevModPhys.79.677
http://dx.doi.org/10.1038/nmat2006
http://dx.doi.org/10.1038/nmat2006
http://dx.doi.org/10.1103/PhysRevB.73.235411
http://dx.doi.org/10.1103/PhysRevB.73.235411
http://dx.doi.org/10.1021/nl801316d
http://dx.doi.org/10.1021/nl801316d
http://dx.doi.org/10.1038/nature07919
http://dx.doi.org/10.1038/nature07919
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1038/nphys1991
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1103/PhysRevLett.98.206805
http://dx.doi.org/10.1063/1.3682479
http://dx.doi.org/10.1063/1.3682479
http://dx.doi.org/10.1103/PhysRevB.75.153401
http://dx.doi.org/10.1103/PhysRevB.75.153401
http://dx.doi.org/10.1021/nn1017389
http://dx.doi.org/10.1021/nn1017389
http://dx.doi.org/10.1021/nl803622c
http://dx.doi.org/10.1021/nl803622c
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1103/PhysRev.140.A1133
http://dx.doi.org/10.1038/nmat1349
http://dx.doi.org/10.1038/nmat1349
http://dx.doi.org/10.1590/S0103-97332006000500039
http://dx.doi.org/10.1590/S0103-97332006000500039
http://dx.doi.org/10.1103/PhysRevB.79.075407
http://dx.doi.org/10.1103/PhysRevB.79.075407
http://dx.doi.org/10.1103/PhysRevB.78.161407
http://dx.doi.org/10.1103/PhysRevB.78.161407
http://dx.doi.org/10.1088/0022-3719/4/8/018
http://dx.doi.org/10.1088/0022-3719/4/8/018
http://dx.doi.org/10.1103/PhysRevLett.57.1761
http://dx.doi.org/10.1103/PhysRevLett.57.1761
http://dx.doi.org/10.1080/14786437008238472
http://dx.doi.org/10.1080/14786437008238472
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1088/0953-8984/14/11/302
http://dx.doi.org/10.1088/0953-8984/20/6/064208
http://dx.doi.org/10.1088/0953-8984/20/6/064208
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1103/PhysRevLett.77.3865
http://dx.doi.org/10.1021/jp9053499
http://dx.doi.org/10.1021/jp9053499
http://dx.doi.org/10.1103/PhysRevB.84.085412
http://dx.doi.org/10.1103/PhysRevB.84.085412
http://dx.doi.org/10.1088/0957-4484/21/34/345202
http://dx.doi.org/10.1088/0957-4484/21/34/345202
http://dx.doi.org/10.1103/RevModPhys.76.323
http://dx.doi.org/10.1103/RevModPhys.76.323

	Electronic transport in patterned graphene nanoroads
	Introduction
	Methodology
	Results
	Conclusion
	Acknowledgments
	References


