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Graphene on SiO2

Hydrogenated graphene on SiO2

Electron transport with FHI-aims



Graphene: 2D Carbon
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• Perfect semi-metal with linear dispersion 
• Carbon atomic configuration (1s)²(2s)²(2p)²
• Graphene: sp² from 2s and two p-orbitals, pz remains

Dirac
point



Hydrogenated graphene - Graphane

• Free-standing graphene 
hydrogenated on both sides is 
stable.

• Free-standing graphene 
hydrogenated only on single side 
is not theoretically stable.

• Graphane is an insulator −10
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Hydrogenated graphene in experiments

• Typically placed on surfaces
Doable in experiment?

Paolo Sessi et al., Nano Lett., 9, 4343, (2009).

(sample bias, +2 V; tunneling current, 50 pA) without
altering the surface.

With STS we are able to probe the electronic information
of the surface that is proportional to the local density of states
(LDOS). A dI/dU measurement utilizing a lock-in amplifier
over bilayer graphene (Figure 1c) shows a distinct dip in
the spectra at approximately-260 meV. This value is almost
identical to the shift of the Dirac point relative to the Fermi
level observed by angle-resolved photoemission spectroscopy
taken on bilayer epitaxial graphene.8 Graphene epitaxially
grown on SiC is known to have n-type behavior, with the
Fermi level shifted into the conduction band relative to the
Dirac point, as illustrated by the E(kx, ky) dispersion relation

in the inset of Figure 1C. The origin of this shift is attributed
to graphene’s interaction with surface states of the underlying
SiC surface reconstruction. Interestingly, the regions with a
single layer of graphene (not shown here) do not exhibit the
same spectra as the bilayer regions. In fact, the layer of
graphene closest to the SiC surface is commonly referred to
as a “buffer layer”.17 It is still unclear as to what extent the
electronic properties of this layer behave like graphene or
how they may be altered by its interaction with the SiC
surface states. Structurally we observe no difference and the
hydrogen adsorption shows no dependence upon graphene
thickness.

A characteristic dI/dU measurement taken over the hy-
drogen-saturated surface is plotted in Figure 1D. The starting
surface is a mixture of both single and bilayer graphene, and
following hydrogen saturation the spectra are identical on
either region. These spectra are featureless at negative sample
bias and do not show a sharp increase in the LDOS followed
by a dip at the Dirac point, as observed over regions of clean
bilayer graphene.

Keeping in mind that the STM is probing the LDOS of
both the graphene and the underlying substrate, it is important
to note that there are surface states in the SiC band gap due
to its surface reconstruction. The STM image of Figure 1B
shows the disordered morphology of a hydrogen-saturated
surface following passivation. It has been discussed that the
most stable configuration for “graphane” involves hydrogen
adsorption on both sides of the graphene. It has also been
shown that graphene is very impermeable to gas species,14,18

including hydrogen. In order to realistically produce an
experimentally stable form of “graphane”, one would have
to passivate both sides of a suspended sheet. In this report
we have found that saturating just a single side of graphene
with hydrogen is stable at room temperature and completely
alters the electronic properties of the graphene. We will not
label it “graphane” as it is not the ideal form. In our case,
the hydrogen adsorption presumably opens a gap in the
graphene leaving only substrate states for tunneling, which
gives rise to the observed LDOS in measurements over the
hydrogen-saturated graphene. Because hydrogen is reacting
to the graphene, the disappearance of the peak and Dirac
point in the spectrum clearly distinguish these features as
related to the electronic structure of the graphene.

In addition to characterizing the topography and probing
the electronic structure, the STM can be utilized as a
patterning tool. When the sample bias is increased to +4.5
V, the hydrogen is easily desorbed from the surface in a
controlled manner, as illustrated by the patterned square in
Figure 1E. The inset is a zoomed in region of this area
showing an atomic-resolution image of the patterned graphene.
All of our patterning has resulted in pristine regions of
graphene with no additional defects, such as lattice vacancies
or point defects which are easily observed with STM.19 This
illustrates that the hydrogen adsorption is completely revers-
ible and can be controlled through electron stimulated
desorption (ESD), providing the ability to pattern graphene
on demand.

Figure 1. (A) This STM image (100 nm × 100 nm, sample bias
0.3 V, 0.1 nA) shows a cleanly prepared graphene surface that has
been epitaxially grown on 4H:SiC(0001). (B) The surface is fully
saturated with hydrogen at room temperature, as illustrated in this
STM image (100 nm × 100 nm). (C) STS is utilized to measure
this characteristic dI/dU curve over cleanly prepared bilayer
graphene. The Dirac point of the bilayer graphene is shifted from
the Fermi level to a value of -260 meV. This shift is inherent to
epitaxial graphene on SiC and is illustrated by the inset, where
graphene’s E(kx, ky) dispersion relation is plotted with an added
plane representing the shifted Fermi level. (D) Similar dI/dU
measurements were made on the hydrogen-saturated surface and
do not show the same characteristic features indicating that the
graphene’s electronic structure has been modified. (E) This image
shows a patterned box of graphene. When the bias is increased to
+4.5 V, the hydrogen easily desorbs from the surface in a
controllable way leaving behind pristine graphene, as illustrated in
the atomic resolution image of the inset.
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Hydrogenated graphene and hydrogens removed by
Scanning
Tunneling
Microscope

Paolo Sessi et al., Nano Lett, 9, 4343 (2009).

Hydrogenated graphene and hydrogens removed by STM.



Hydrogenated graphene in experiments

• Writable graphene circuit board?

Drawing graphene

Paolo Sessi et al., Nano Lett., 9, 4343, (2009).

Writeable graphene circuit board?

Paolo Sessi et al., Nano Lett, 9, 4343 (2009)



• In our study we use 4 different surfaces

Graphene on SiO2

OH Terminated O Terminated

Si Terminated Reconstructed O Terminated



• Bands are close to isolated graphene

Graphene on SiO2

OH Terminated O Terminated

Si Terminated Reconstructed
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Graphane on SiO2
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Graphane on SiO2 - OH terminated surface

• 3 stable geometries with OH 
terminated surface.
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Graphane on SiO2

• O, Si and reconstructed surfaces are most 
stable at 1/4 filling of H.
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ZigzagArmchair

Two basic types:

Graphene nanoribbons



Graphene nanoribbons

Different electronic structures:

Simple Tight-binding and Density-functional theory
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Edge magnetism: 
longer range hopping and 

interaction needed



Graphane nanoribbons on SiO2



Electronic structure

• Spin-dependent bands (up and down)
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Summary of graphene

• The substrate has a big effect on the properties of one side 
hydrogenated graphene.



• Electron tunneling  through 
the nano structure with 
semi-infinite leads

• Zero-bias transport limit

• Use of gate voltage possible 
(adding or removing 
electrons)
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Transport in FHI-aims



Electron transport calculations with FHI-aims

• Possibility to compare to other results from FHI-aims 

• Local basis functions (Important to test that there is enough.)

• Radii of the basis functions are large

• All electron ⇒ a lot of basis functions (core states projection)

• 2-4 leads,  flexible boundary conditions

• Parallelization: lapack and scalapack.

• boundary conditions: lapack - over leads

• center region lapack / scalapack

• Reference potential level is smallest eigenvalue of atoms



Example: Transport properties of junctions
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• Lead calculation with periodic 
boundary conditions

• One lead calculation for each 
boundary

• As many k-points as it is 
needed (as many as in normal 
calculation) in transport 
direction

• k-points in perpendicular 
direction not implemented

First: Semi-infinite leads

Vacuum

Lattice vector 3. points 
“outside” direction 

transport lead_calculationPut in to control.in:



• Actual transport 
calculation starts with 
normal periodic boundary 
calculation.

• Parts of leads need to be in 
the geometry

Semi infinite leads

Transport in FHI-aims

• Computational work depends on

• number of basis functions

• how many basis functions are 
sharing leads and center region

• Boundary conditions are iterated 
to every energy point, T(E)  
separately



Au geometry examples

• The part of lead in the 
geometry needs to be 
large enough so that the 
potential is close to 
leads potential at the 
boundary.
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• Au geometries with 
different lengths:

• 33Å, 49Å, 66Å and 83Å



What to put in control.in in order to get T(E)

   transport transport_calculation

   transport tunneling_file_name res_file_name
   transport energy_range -3.1 1.5 5000 
   transport lead_1 1  lead_1_file_name
   transport lead_2 17 lead_2_file_name

   transport number_of_boundary_iterations 100
   transport boundary_treshold 0.5
   transport epsilon_end       0.0001
   transport epsilon_start     0.0001
   transport boundary_mix      0.5

T
(E

) 
Energy

Parameters for 
the boundary 

condition 
iterations

Results file:
T(E) range:

Lead 
definitions:



Summary Transport

• Landauer-Büttiker electron transport formula is implemented 
in FHI-aims.


