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Graphene and graphene nanoribbons on InAs(110) and Au/InAs(110) surfaces: An ab initio study
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We have performed an ab initio investigation of graphene adsorption on clean and Au-covered InAs(110)
surfaces. Total energy results reveal that the graphene sheet is weakly attached to such surfaces, with adsorption
energy of approximately 25 meV/(C atom). Graphene nanoribbons, on the other hand, are more strongly
adsorbed, with adsorption energy of approximately 45 meV/(C atom). Based upon our electronic band structure
calculations, we find that there are small net charge transfers between the graphene sheet or ribbon and the clean
or Au-covered InAs(110) surface. There is an electronic charge displacement in the graphene-surface interface
region, giving rise to an electric dipole moment along the surface normal. Scanning tunneling microscopy
simulations lend support to the recently proposed “transparency” effect of the graphene sheet adsorbed on the
clean InAs(110) surface [He et al., Nano Lett. 10, 3446 (2010)] and suggest that the effect is maintained for
adsorption on the metallic Au/InAs(110) surface.
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I. INTRODUCTION

Among the currently synthesized carbon nanostructures,
carbon nanotubes1 and graphene sheets2 possess remarkable
electronic, structural, and mechanical properties and are
considered promising for several applications, addressing
the development of new (nano)devices. For instance, car-
bon nanotubes (CNTs) present one-dimensional electronic
confinement along the growth direction, with metallic or
semiconductor electronic character depending on their helicity
and diameter. Similarly, stripes of graphene a few nanometers
wide, the so-called graphene nanoribbons (GNRs), also exhibit
one-dimensional electronic confinement (along the ribbon
growth direction), with their electronic properties depending
on the atomic structure of the ribbon edge sites.3–5 In contrast,
an isolated graphene sheet is a zero-gap semiconductor mate-
rial, with its electronic states characterized by two-dimensional
confinement, a linear energy-momentum dispersion, and a
very high electronic mobility of around 200000 cm2/V s.6

Many current material science investigations are focused
on studies of fundamental graphene physics7 as well as
addressing technological applications, such as high-frequency
transistors.8

The electronic and structural properties of carbon nanos-
tructures may change upon their interaction with solid sur-
faces. Indeed, there is a strong reduction in the electron
mobility for graphene deposited on a silicon dioxide (SiO2)
substrate.9 Soares et al.10 have examined the modulation
of the electronic properties of CNTs adsorbed on α-quartz
surfaces. Theoretical and experimental studies have proposed
that the electronic properties of CNTs, adsorbed on hydrogen-
passivated Si(001) surfaces, can be tuned by modifying
the surface stoichiometry11–15 as well as the silicon surface
geometry.16 Further theoretical studies have examined the elec-
tronic and magnetic properties of GNRs attached to Si(001)
surfaces.17 Experimental investigations18 have verified a non-
covalent doping of CNTs adsorbed on III-V (110) surfaces.
Such noncovalent doping has also been verified for graphene

adsorbed on SiO2, though the results are controversial.19–21

As for the CNT/III-V(110) semiconductor systems, there are
experimental works addressing the electronic and structural
properties of graphene/GaAs(110) and graphene/InAs(110)
systems.22 The authors of Ref. 22 examined the “transparency”
property of graphene sheets deposited on these surfaces
from an analysis of scanning tunneling microscopy (STM)
images. Their findings were supported by ab initio calcula-
tions. In contrast to CNT/III-V(110) systems, experimental
investigations do not find any evidence of doping processes
for graphene/III-V(110) systems.18 However, first-principles
calculations suggest that graphene can be doped if it is
deposited on n- or p-type doped III-V(110) substrates.23 In a
comprehensive theoretical work, Khomyakov et al.24 studied
the electronic charge transfer for graphene sheets adsorbed
on metal surfaces. They examined both graphene physisorbed
systems [e.g., graphene on Au(111)] as well as chemisorbed
systems [e.g., graphene on Ni(111)] and reported p-type
doping for graphene on Au(111).

Based upon the recent investigations on graphene ad-
sorbed on solid surfaces, we can infer that graphene on
metal-covered semiconductor surfaces represents a new and
interesting system to be considered for the development of
electronic devices. In this paper, we present an ab initio total
energy study of a graphene sheet and a graphene nanoribbon
adsorbed on the clean and submonolayer Au-metal-covered
(110) surfaces of the semiconductor InAs. We find that the
graphene adsorption process is ruled by the van der Waals
(vdW) interaction with the surface. For the graphene sheet we
find adsorption energies in the range 20–30 meV/(C atom).
Due to the presence of edges, the adsorption energy of the
GNR increases by ∼4.5 meV/C for the Au-covered InAs(110)
surface. The transparency effect of the graphene sheet has
been examined through STM simulations. The electronic
properties of graphene are weakly perturbed, but there is
the formation of an electronic dipole at the graphene-surface
interface.
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II. COMPUTATIONAL DETAILS

The calculations were performed by using density func-
tional theory including the van der Waals interaction (vdW-
DFT) as implemented in the SIESTA code.25 The electron-
electron interactions were treated by employing the gener-
alized gradient approximation due to Perdew, Burke, and
Ernzerhof.26 The van der Waals interaction was included
within a semiempirical approach, following the Grimme
formula.27 The Kohn-Sham orbitals were described by a linear
combination of numerical pseudoatomic orbitals using a split-
valence double-ζ basis set including polarization functions.
The electron-ion interactions were calculated by using norm-
conserving pseudopotentials.28

Within our computational approach, there is a lattice
mismatch between graphene and the InAs(110) surface. Along
the [11̄0] direction there is a very small mismatch of 0.64% (the
experimental mismatch being 0.6%). In order to minimize the
strain induced on the graphene sheet, we chose a supercell with
six (1 × 1) units along the [100] direction. This choice leaves a
lattice mismatch of 1.38% along the [100] direction. With this
consideration, the InAs(110) and the Au-covered InAs(110)
surfaces were described by using the slab method, where we
considered eight InAs layers and 6 × 1 surface periodicity.
Above the top InAs layer we placed, per surface unit cell,
60 C atoms for the graphene sheet and 34 C atoms for the
GNR with monohydrogenated armchair edges. In order to
avoid the interaction between a given graphene adsorbed slab
and its image (due to the periodic boundary conditions) a
vacuum region of 15 Å perpendicular to the slab, i.e., along
the [110] direction, was included. We checked the adequacy
of our choice of the supercell size following the procedure
proposed in Ref. 23.

The self-consistent total charge density was obtained by
using a set of three special k points to sample the Brillouin
zone, while the electronic structure was calculated by using
200 special k points. All atomic positions except at the bottom
InAs layer were relaxed by using the conjugated gradient
scheme, within a force convergence criterion of 20 meV/Å.

III. RESULTS AND COMMENTS

A. Clean InAs(110) surface

The clean cleaved III-V(110) surface retains its primitive
(1 × 1) periodicity, and exhibits a well-established relaxation
pattern,29 as shown in Fig. 1(a). The clean InAs(110) surface
exhibits semiconducting character and a few surface states
lying within the fundamental band gap. We find an energy
band gap of 0.80 eV, larger than the band gap of the InAs bulk
phase. This can be attributed to the electronic confinement
(perpendicular to the surface) due to the slab method applied
to describe the InAs(110)-(1 × 1) system. Table I presents
some structural parameters for the surface, for instance, we
find a vertical buckling (�1,⊥) of the top layer of 0.80 Å.
Those electronic and structural results are in good agreement
with previous ab initio calculations as well as experimental
measurements.30–34 The upward (downward) relaxation of
the As (In) atoms is ruled, in accordance with the so-called
electronic counting argument, by an energetic preference for
an s2p3-like hybridization for the topmost As atoms and

FIG. 1. (Color online) Side view and details of the equilibrium
geometry of clean InAs(110) surface (a), and the simulated STM
images of the occupied states within EF − 2 eV (b). Equilibrium
geometry of the Au(1 ML)/InAs(110) surface (c), and the simulated
STM images for EF − 2 eV (d).

threefold-coordinated surface In atoms forming an sp2-like
(planar) hybridization.

Figure 1(b) presents our simulated STM images for the
occupied states within an energy interval of 2 eV below
the Fermi level (EF − 2 eV), verifying the experimentally
observed formation of bright spots on the topmost As atoms.

B. Graphene/InAs(110)

Figure 2(a) presents the structural model for graphene
adsorbed on InAs(110). We will refer to this system as
G/InAs(110). The graphene adsorption energy (Eads) was
calculated by comparing the total energies of the separated
components, viz., the graphene sheet and the InAs(110)
surface, and the total energy of the (final) graphene adsorbed
system:

Eads = E[G] + E[InAs(110)] − E[G/InAs(110)] − δBSSE,

where E[G] and E[InAs(110)] represent the total energies of
an isolated graphene sheet and the clean InAs(110) surface,
respectively, and E[G/InAs(110)] represents the total energy
of G/InAs(110). The last term (δBSSE) was included to correct
the basis set superposition error (BSSE).35 This is necessary,
since within our theoretical approach the Kohn-Sham wave
functions for the different systems were expanded in different

TABLE I. Structural parameters of the clean InAs(110) surface
as indicted in Fig. 1. The atomic relaxations are in angstroms.

�1,⊥ �1,x �2,⊥ d12,⊥ d12,x

Present 0.80 4.88 0.15 1.60 3.57
Theory (Ref. 31) 0.75 4.66 0.13 1.44 3.39
Expt. (Ref. 30) 0.768 4.985 0.140 1.497 3.597
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FIG. 2. (Color online) Structural models for graphene adsorbed
on the clean InAs(110) surface (a), and Au-covered InAs(110)
surfaces, for 1/6 monolayer (ML) (b) and 1 ML (c) of Au adatoms.

basis sets of pseudoatomic orbitals. We obtained δBSSE by
following the procedure proposed by Hobbs et al.36

We find that graphene adsorption on the InAs(110) surface
is an exothermic process with Eads of 24 meV/(C atom).
Very recently, by using the same approach, we estimated Eads

around 50 meV/(C atom) for a graphene sheet adsorbed onto
an amorphous SiO2 surface (G/a-SiO2),37 in good agreement
with experimental results.38 There are no chemical bonds
between the graphene sheet and the InAs(110) surface, and
the sheet lies at a vertical distance (dz) of 3.20 Å from the
topmost As atoms, in agreement with recent experimental
STM measurements, dz ≈ 3 Å.22 The adsorbed graphene
sheet exhibits a surface (structural) corrugation of ∼0.15 Å,
while the vertical buckling of the topmost In-As chain, �1,⊥,
is reduced by only 0.02 Å, to �1,⊥ = 0.78 Å. We have
also considered two other configurations for G/InAs(110),
by displacing the graphene sheet along the [100] and [11̄0]
directions, where we find the same values of Eads and
equilibrium geometry. These results indicate that graphene
sheets are weakly attached to the InAs(110) surface, similar
to the G/GaAs(110) and G/a-SiO2 systems.23,37 Indeed,
by turning off the vdW contribution from our total energy
calculations, we find Eads = −3 meV/(C atom), indicating
that the graphene adsorption on the InAs(110) surface is no
longer an exothermic process, and the equilibrium distance dz

increases to 3.66 Å.
Figure 3(a) presents our simulated STM image for the

occupied states within an energy interval of 2 eV below
the calculated Fermi level (EF ). In accordance with previous
results for G/GaAs(110),22 for a vertical distance dz around
3 Å and an energy interval of EF − 2 eV, the STM simulation
depicts the graphene hexagonal lattice with a weak registry of
the InAs(110) substrate. However, we notice that there is a net
displacement of the electronic charge density on the graphene
sheet, giving rise to bright and dark stripes parallel to the [11̄0]
direction. The formation of the stripes is due to the relative
positions between the hexagonal network of the graphene
carbon atoms and the In-As chain underneath. Similar total
charge displacement has also been noted for the G/a-SiO2

systems.39 The resultant electron-rich and hole-rich regions
will act as scattering centers, thus reducing the electronic

FIG. 3. (Top) Simulated constant-height STM images of
the occupied states within EF − 2 eV of G/InAs(110) (a),
G/Au(1/6 ML)/InAs(110) (b), and G/Au(1 ML)/InAs(110) (c) systems
at the equilibrium geometry. (Bottom) Constant-height STM images,
within EF − 2 eV, pushing the graphene sheet by 0.3 Å (with
respect to the equilibrium geometry) toward the InAs(110) or
Au/InAs(110) surface, G/InAs(110) (d), G/Au(1/6 ML)/InAs(110)
(e), and G/Au(1 ML)/InAs(110) (f) systems.

mobility for graphene in the G/InAs(110) system. Indeed, such
a reduction in the electron mobility has been experimentally
verified for graphene on a-SiO2.9

Graphene sheets may exhibit a local deformation due to the
presence of a scanning tip, which can give rise to different
STM pictures.40 Following the procedure proposed in Ref. 22,
in order to mimic the local deformation of the graphene sheet
due to its interaction with the scanning tip, we pushed the
graphene sheet toward the InAs(110) surface and performed a
new set of STM simulations. In this case, for a displacement of
0.3 Å, we found the formation of periodic bright lines as shown
in Fig. 3(d). This is due to the presence of the topmost buckled
As atoms. Our results thus provide support to the previously
advocated transparency results for the G/GaAs(110) system.22

It has been suggested that, for physisorbed graphene
systems, the presence of empty (occupied) surface electronic
states below (above) the Dirac point may promote an electronic
charge transfer from (to) the adsorbed graphene sheet, char-
acterizing a noncovalent functionalization of graphene.23,24

Figures 4(a) and 4(b) present the electronic band structure
of the G/InAs(110) system with the graphene sheet lying at
dz = 5 and 3.20 Å from the InAs(110) surface, respectively. As
expected, far from the surface, the massless metallic bands are
maintained [Fig. 4(a)]; whereas, at the equilibrium geometry
dz = 3.20 Å [Fig. 4(b)], we find the formation of a small
energy gap of 0.01 eV at the Dirac point, indicating that the
metallic character of the graphene sheet has been suppressed
due to its interaction with the InAs(110) surface. Indeed,
a similar (small) band gap opening has been verified for
graphene on SiO2.41,42 Apart from the narrow gap at the Dirac
point, our calculated density of states (DOS) projected on the
adsorbed graphene sheet, depicted in Fig. 4(c), indicates that
the electronic states of the graphene are only weakly perturbed
upon the formation of G/InAs(110). However, through the
integration of the projected DOS for the adsorbed and isolated
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FIG. 4. Electronic band structure of G/InAs(110), for the
graphene sheet at 5 Å from the InAs(110) surface (a), and adsorbed
(dz = 3.20 Å) on the InAs(110) surface (b). (c) Partial density of
states (PDOS) of G/InAs(110) projected on the graphene sheet. Inset
indicates the DOS within an energy interval of EF ± 0.5 eV. Dashed
lines in (b) and (c) represent the band structure and the density of states
of an isolated graphene sheet. The DOS was averaged considering a
Gaussian width of 0.2 eV.

graphene sheets,43 we find a small charge transfer of 0.010e/(C
atom) from graphene toward the InAs(110) surface.

C. Graphene/Au/InAs(110)

To examine adsorption of graphene on Au-covered
InAs(110), Au/InAs(110), we first studied the structural
and electronic changes for monolayer (ML) coverages of
Au on the InAs(110) surface, a system referred to later as
Au(1 ML)/InAs(110). At the equilibrium geometry, the vertical
buckling of the top layer on the InAs(110) surface is almost
suppressed, with �1,⊥ = 0.07 Å. The almost restoration of
the bulklike geometry of III-V(110) surfaces upon 1 ML
group-V adsorbate coverage is a general feature29 and has also
been verified for a monolayer of Fe adatoms on InAs(110),
with �1,⊥ = 0.057 Å.44 For Au(1 ML)/InAs(110), as shown in
Fig. 1(c), the Au adatom lies 0.55 Å above the topmost As

TABLE II. Adsorption energies and equilibrium distances of the
graphene sheet and graphene nanoribbon adsorbed on InAs(110),
Au(1/6 ML)/InAs(110), and Au(1 ML)/InAs(110).

Structure Eads [meV/(C atom)] dz (Å)

G/InAs(110) 24 3.20
G/Au(1/6 ML)/InAs(110) 28 3.20
G/Au(1 ML)/InAs(110) 22 3.08
GNR/InAs(110) 36 3.24
GNR/Au(1/6 ML)/InAs(110) 45 2.47
GNR/Au(1 ML)/InAs(110) 46 2.56

atom and is threefold coordinated, forming one Au-In and
two Au-As bonds of lengths of 2.62 and 2.82 Å, respectively.
The Au adatoms add electronic states near the Fermi level,
as we can observe in the simulated STM images presented in
Fig. 1(d) within EF − 2 eV.

The presence of Au adatoms changes the adsorption energy
slightly when compared with that for G/InAs(110). We
calculated Eads = 22 meV/(C atom). It is worth noting that
this result is close to the adsorption energy of graphene on
the Au(111) surface, 30 meV/(C atom), obtained from a
DFT local spin density approximation calculation.24 As in the
G/InAs(110) system, there are no chemical bonds between
the graphene sheet and the Au(1 ML)/InAs(110) surface. At
the equilibrium geometry, Fig. 2(c), we find dz ≈ 3.08 Å (see
Table II). The STM simulation presented in Fig. 3(c) shows
that the hexagonal pattern of carbon atoms becomes brighter
in comparison with the STM image of G/InAs(110). This is
due to an increase in the density of states around EF because
of the presence of Au adatoms.

The adsorption energy of graphene on (1/6 ML)-covered
Au/InAs(110), Au(1/6 ML)/InAs(110), is 28 meV/(C atom),
almost the same as for 1 ML of Au. The vertical separation
between graphene and Au is 3.20 Å, slightly larger than that
for 1 ML coverage of Au. The C atoms above the Au adatoms
move upward by 0.33 Å with respect to the planar region
of the adsorbed graphene sheet, Fig. 2(b). Such a vertical
displacement produces the formation of a bright line above
the Au adatoms in the simulated STM image along the [11̄0]
direction, as seen in Fig. 3(b). However, we find that the
hexagonal pattern of carbon atoms is dimmer in comparison
with G/Au(1 ML)/InAs(110), due to relatively less increase in
the density of states around EF .

Similar to what we have done for G/InAs(110), the local
deformation of the graphene sheet, on the STM images, was
examined by pushing the graphene sheet by 0.3 Å toward the
Au/InAs(110) surface and keeping the same energy interval,
EF − 2 eV. In this case, we verified the presence of Au atoms
below the graphene sheet, as seen in Figs. 3(e) and 3(f). That is,
the graphene transparency effect remains evident in Fig. 3(f).
Here, unlike in Fig. 3(d), the formation of periodic bright lines
is due to the Au adatoms instead of As atoms.

The Fermi levels of the (isolated) Au(1/6 ML)/InAs(110) and
Au(1 ML)/InAs(110) metallic surfaces lie below the calculated
work function of an isolated graphene sheet (WG = 4.22 eV)
by 0.38 and 0.30 eV, respectively. Thus, if the electronic
band structures of the isolated systems do not change upon
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FIG. 5. Electronic band structure of G/Au(1 ML)/InAs(110), for
the graphene sheet at 5 Å from the Au(1 ML)/InAs(110) surface (a),
and adsorbed (dz = 3.08 Å) on the Au(1 ML)/InAs(110) (b). (c) Density
of states (DOS) of G/Au(1 ML)/InAs(110) projected on the graphene
sheet. The inset indicates the DOS within an energy interval of EF ±
0.5 eV. Dashed lines in (b) and (c) represent the band structure and
the density of states of an isolated graphene sheet. The DOS was
averaged considering a Gaussian width of 0.2 eV.

the formation of the G/Au/InAs(110) system, we can infer
an electronic charge transfer from the adsorbed graphene
sheet to the Au/InAs(110) surface, i.e., a p-type doping
of the adsorbed graphene. It is interesting to note that a
p-type doping for graphene adsorbed on the Au(111) surface
was also suggested in a recent theoretical investigation by
Khomyakov et al.24 However, these authors pointed out that
an electronic charge transfer between the adsorbed graphene
and the metallic substrate cannot be inferred just based on
the relative positions of WG and EF of the metallic surface,
considering isolated systems. The interaction between the
adsorbed graphene sheet and the surface plays an important
role. Figures 5(a) and 5(b) present the electronic band structure
of G/Au(1 ML)/InAs(110) calculated for dz = 5 Å (far from the
surface) and dz = 3.08 Å (equilibrium geometry), respectively.
In Fig. 5(a) we verify the linear metallic bands at the Dirac

point, namely, the electronic band structure of the graphene
has been mantained, but embedded in the metallic bands of the
Au(1 ML)/InAs(110) surface. In this case, there is a net charge
transfer at the G-Au(1 ML)/InAs(110) interface, the graphene
sheet presents a p-type doping, and the Fermi level equilibrates
at ∼0.03 eV below the Dirac point. Meanwhile, at the
equilibrium geometry [dz = 3.08 Å, Fig. 5(b)] we verify that
electronic interactions take place at the G-Au(1 ML)/InAs(110)
interface, and the linear metallic bands of the graphene sheet
are suppressed within an energy interval of EF ± 0.1 eV.
Through the calculation of the DOS projected on the adsorbed
graphene sheet [Fig. 5(c)] we find that the electronic states of
the graphene sheet are weakly perturbed upon its interaction
with the surface. In this case, there is a net electronic charge
transfer of 0.012e/(C atom) from the adsorbed graphene sheet
toward Au(1 ML)/InAs(110).43 Similar results were obtained
for G/Au(1/6 ML)/InAs(110).

To further understand the above statements, it is important
to realize that there is a net electronic charge displacement
�ρ(z) at the G-Au/InAs(110) interface (Fig. 6), giving rise
to an electronic dipole perpendicular to the Au/InAs(110)
surface. We express �ρ(z) as

�ρ(z) = 1

Axy

∫
�ρ(r)dx dy,

where Axy is the surface unit cell and �ρ(r) is

�ρ(r) = ρG/Au/InAs(110)(r) − ρG(r) − ρAu/InAs(110)(r),

with ρG, ρAu/InAs(110), and ρG/Au/InAs(110) representing the
total charge densities of the isolated graphene sheet, the
Au/InAs(110) surface, and the G/Au/InAs(110) adsorbed
system, respectively. For the G/Au(1ML)/InAs(110) system
[left panel in Fig. 6] we find �ρ(z) < 0 at around 1 Å
below the adsorbed graphene sheet, while there is an increase
in the electronic charge density �ρ(z) > 0 at 2 Å above
the Au(1 ML)/InAs(110) surface. A similar �ρ(z) result has
been verified for G/Au(1/6 ML)/InAs(110) system: there is
a decrease in the total charge density at 1.5 Å below the
adsorbed graphene sheet, while �ρ(z) > 0 occurs near the

FIG. 6. (Color online) Planar average of the electronic charge
density transfer, along the [110] direction, of G/Au(1 ML)/InAs(110)
(left panel) and GNR/Au(1 ML)/InAs(110) (right panel) systems.
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Au/InAs(110) surface region. In addition, it is noticeable that,
for both systems, �ρ(z) goes to zero a few layers below the
Au/InAs(110) surface. That is, the electronic perturbations as
well as the formation of an electric dipole upon graphene ad-
sorption are mostly localized at the G-Au/InAs(110) interface
region. Such a distribution of �ρ(z) gives rise to an electric
dipole at the G-Au/InAs(110) interface. The development of
the dipole reduces the electronic charge transfer from the
graphene toward the Au/InAs(110) surface, thus hindering
doping of the graphene sheet.

D. GNR/InAs(110) and GNR/Au/InAs(110)

We further examined adsorption of an armchair graphene
nanoribbon on the InAs(110) and Au/InAs(110) surfaces.
Armchair GNRs with (mono)hydrogenated edge C atoms
present a semiconducting character, with reduction in the
energy band gap with increase in the width of the ribbon. We
considered a GNR with a width of 17 Å, which corresponds
to seven hexagonal carbon rings aligned along the [100]
direction with respect to the InAs(110) surface. Our calculated
adsorption energies indicate that the nanoribbon is more
strongly attached to the InAs(110) and Au/InAs(110) surfaces
than is the graphene sheet. The calculated adsorption energies
and the equilibrium distances for the energetically most stable
configurations, depicted in Figs. 2(d)–2(f), are summarized in
Table II. As for G/InAs(110), there is no chemical bonding
between the nanoribbon and the InAs(110) surface, and the
ribbon keeps it planar structure, as shown in Fig. 2(d). In
contrast, a weak chemical interaction takes place between
Au/InAs(110) and the edge sites for both 1/6 ML and 1 ML
coverages of Au. As shown in Figs. 2(e) and 2(f), the adsorbed
GNR assumes a bent geometry, and lies at an average height
dz of around 2.5 Å above the surface.

We find an energy band gap of 0.53 eV for the isolated GNR.
The semiconducting character of the adsorbed GNR has been
maintained. Figure 7(a) presents the electronic band structure
of GNR/InAs(110), where the highest occupied and lowest
unoccupied states are localized on the carbon atoms of the
adsorbed GNR. Through the calculation of the DOS projected
onto the GNR [Fig. 7(c)], we verify that its electronic states
are weakly perturbed, with small electronic charge transfer
from the GNR to the InAs(110) surface, 0.096e/(C atom).43

On the other hand, the GNR/Au(1 ML)/InAs(110) system is
metallic, Fig. 7(b), where the partially occupied states are
mostly ruled by the Au adatoms of the surface. In this case, as in
the G/Au/InAs(110) system, by comparing the Fermi energy
of the Au/InAs(110) surface and the ionization potential of the
GNR, we may infer an electronic charge transfer from the GNR
to the empty states of the Au/InAs(110) surface. We calculate
an ionization potential of 4.21 eV for an isolated armchair
GNR, which is 0.31 eV above the Fermi level of the isolated
Au(1 ML)/InAs(110) surface, thus suggesting the formation
of p-type doped GNR adsorbed on Au(1 ML)/InAs(110). Our
calculated DOS projected onto the GNR, Fig. 7(d), indicates
that there is a (small) electronic charge transfer of 0.081e/(C
atom) from the nanoribbon to the Au(1 ML)/InAs(110) surface.
There is a net charge density displacement �ρ(z) at the GNR-
InAs(110) and GNR-Au/InAs(110) interfaces, giving rise to
an electric dipole along the [110] direction [perpendicular to
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FIG. 7. Electronic band structures of GNR/InAs(110) (a) and
the GNR/Au1ML/InAs(110) (b) systems. Densities of states of
GNR/InAs(110) (c) and GNR/Au/InAs(110) (d), projected on the
adsorbed GNR. Dashed lines represent the band structure and density
of states of an isolated GNR. The DOS was averaged considering a
Gaussian width of 0.2 eV.

the InAs(110) surface]. The right hand panel in Fig. 6 presents
�ρ(z) for the GNR/Au(1 ML)/InAs(110) system. As in the
G/Au/InAs(110) system, the electrons from the GNR will
face an additional potential in moving from the GNR toward
the InAs(110) or Au/InAs(110) surface, thus inhibiting the
doping process.

IV. SUMMARY

In summary, we find that the monolayer graphene sheet is
weakly attached to the InAs(110) and Au/InAs(110) surfaces.
The formation of stable G/InAs(110) and G/Au/InAs(110)
systems is ruled by vdW interactions, with adsorption energies
of around 25 meV/(C atom). Although there are no chemical
bonds between the graphene sheet and the substrates, there
is a small charge transfer from the graphene sheet toward
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the adsorption surfaces. However, the resulting p-type doping
of the adsorbed graphene sheet is somewhat inhibited by
the formation of an electric dipole at the graphene-surface
interface. Graphene nanoribbons are more strongly attached
to InAs(110) and Au/InAs(110) surfaces, in comparison with
their G/InAs(110) and G/Au/InAs(110) counterparts. The
calculated adsorption energies of the 17-Å-wide armchair
graphene nanoribbon on these surfaces are ∼40 meV/(C
atom). There is a weak chemical interaction between the edge
sites of the GNR and Au/InAs(110). Our electronic structure

results suggest that there is a small net charge transfer from
the nanoribbon to the InAs(110) and Au/InAs(110) surfaces,
and the formation of an electric dipole at the GNR–InAs(110)
and GNR–Au/InAs(110) interfaces.
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