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1. Introduction

The discovery of graphene (Novoselov et al., 2004) and its remarkable electronic properties
(Castro Neto et al., 2009; Geim & Novoselov, 2007; Katsnelson, 2007) initiated great research
interest in this material. Particularly prospective for applications is its extraordinarily high
charge carrier mobility (Bolotin et al., 2008; Du et al., 2008; Novoselov et al., 2004).

Realistic graphene samples are subject to disorder including ripples, impurities, edges
or strains. While these present undesirable obstacles when trying to minimize electron
scattering, controlled external perturbations recently evoked broad interest in the context of
functionalization of graphene (Elias et al., 2009).

Impurities on a graphene sample are imaginable in various ways. While lattice imperfections
like vacancies do not exist in noticeable concentrations unless they are not created artificially
(Chen et al., 2009), adatoms or molecules from the experimental environment can be seen as
a frequent source of electron scattering. The impact of adsorbate-induced scattering processes
on the transport properties has been subject of ongoing discussion since the first fabrication
of single graphene sheets in 2004 (see Peres (2010) for a review).

Transport experiments with chemically doped graphene samples yield different results
regarding the strength of electron scattering due to the dopants: While room temperature
experiments with NO;, e.g., reported chemical doping without significant loss of carrier
mobility (Schedin et al., 2007), the deposition of K at cryogenic temperatures clearly reduced
the electron mobility (Chen et al., 2008). Correspondingly, the role of charged impurity
scattering as compared to, e.g., scattering by resonant impurities or ripples has been
controversially debated: Depending on experimental details both, charged impurities (Adam
et al., 2007; Chen et al., 2008; Hwang et al., 2007; Nomura & MacDonald, 2006; Tan et al.,
2007), as well as resonant impurities were discussed as dominant scattering sources (Katoch
et al., 2010; Katsnelson & Novoselov, 2007; Ni et al., 2010; Ostrovsky et al., 2006; Stauber et al.,
2007). Understanding charge redistributions in realistic graphene-adsorbate systems is hence
crucial.

The high sensitivity of graphene to adsorbate-induced doping has been proven in numerous
experiments (Bostwick et al., 2006; Ohta et al., 2006; Zhou et al., 2008). The two-dimensional
nature maximizes surface effects, which even allows the detection of single adsorption events.
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30 Physics and Applications of Graphene - Theory

Using exfoliated graphene on a SiO;, substrate with Ti/Au contacts, Schedin et al. (2007)
visualized events of single molecule adsorption on graphene. Recently developed gas sensors
(Collins et al., 2000; Kong et al., 2000; Robinson, Perkins, Snow, Wei & Sheehan, 2008) raise
hope for a future realization of marketable single molecule detectors.

The natural concentration of impurities in graphene devices depends crucially on the sample
preparation and the experimental setup. Meyer et al. (2008) reported the detection of single
hydrogen adsorbates on graphene on a SiO, substrate by transmission electron microscopy
(TEM). Under atmospheric conditions at room temperature they estimated the adsorbate
concentration to 0.3%, which relates to about one impurity per 10nm?.

Especially hydrogenation, as demonstrated by Elias et al. (2009), provides a good prospect
for controlled design of graphene’s electronic properties. Hence, there is wide interest in
fractionally and fully hydrogenated graphene, the graphane. Attaching hydrogen on graphene
from both sides leads to a change from sp? to sp® hybridization, which opens a band gap.
Through annealing, hydrogenation turns out to be reversible, i.e. the electronic properties of
pristine graphene can be restored. Several theoretical works (Lebégue et al., 2009; Liu & Shen,
2009; Sofo et al., 2007) found a band gap of graphane between 3.5eV and 5.4eV. While this is
slightly too high for electronic applications, partially hydrogenated graphene might be useful
(Xiang et al., 2009). Hence, understanding of the adsorption mechanisms of atomic hydrogen
is essential in search of new paths towards functionalization.

Equally, fluorination of graphene promises a route towards a graphene-based wide band gap
semiconductor (Cheng et al., 2010; Nair et al., 2010; Robinson et al., 2010). At coverages of
70% or more, graphene-fluorine systems with reversible modification of the conductivity by
several orders of magnitudes has been achieved.

Motivated by these recent and promising experiments on impurity effects in graphene, a
theoretical investigation of doping effects in graphene is given in this chapter; in particular,
monovalent adsorbates are considered. Extensive density functional theory (DFT) calculations
are presented to derive a theory of doping and charge redistributions in graphene and to
identify simple models describing these effects realistically. We concentrate on two issues:
charge transfer as relevant for doping, i.e. changes in the number of mobile carriers, as well
as charge transfer as relevant for Coulomb scattering. For hydrogen, fluorine, hydroxyl,
chlorine and potassium adsorbates we determine the amount of the charge transfer by means
of different electrostatic models and compare to band structure based methods (section
(3)). Furthermore, by means of a tight-binding model, impurities are illustrated to lead to
long-range doping of graphene such that even ultra-low concentrations of contamination do
affect the carrier concentration. We investigate the effects of long range Coulomb interaction
in this context and show that the Coulomb repulsion plays a minor role in the process of
charge redistribution for impurity concentrations higher than 0.007%.

2. Calculation of charge transfer

The investigation of adsorption processes rises the question of the doping and Coulomb
scattering due to single adsorbates. For instance, theoretical transport calculations predict a
strong dependence of the scattering cross section on the amount of charge transferred between
adsorbates and graphene (Robinson, Schomerus, Oroszlany & Fal'ko, 2008). A priori charge
transfer is an ambiguous quantity as it comes back to defining the spacial extent of individual
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atoms within a solid. Therefore, several concepts for the description of charge transfer will
be taken into consideration, carefully compared and their implications for experimental
observables like doping or scattering properties will be discussed.

2.1 Population analysis and partitioning of the electron density

A widely employed class of approaches to charge transfer analysis like the Mulliken, Bader
or Hirshfeld analysis aims at directly partitioning the electronic charge density among the
atoms of the system. To this end, a DFT calculation is performed which yields the electronic
density and the Kohn-Sham wave functions. Partitioning schemes using projections of the
Kohn-Sham wavefunctions onto localized atomic orbitals (Lowdin or Mulliken analysis, see,
e.g., Segall et al. (1996)) as well as schemes dealing with the electronic density (Hirshfeld
or Bader analysis, see, e.g., Meister & Schwarz (1994)) have been employed in the context
of graphene adsorbate systems. While ionically bond systems are likely well suited to be
correctly described by this kind of charge transfer analysis, the interpretation of Mulliken,
Bader or Hirshfeld charges in physisorbed graphene-impurity systems (Leenaerts et al., 2008)
or strongly covalent systems (see section 3.2) can be ambiguous. In the latter case, e.g., charge
is smeared out in covalent bonds, and therefore a partition of the interstitial region in solids is
hard.

In general, we expect conventional space partition methods to be more precise for ionic than
for covalent adsorbates. The Bader analysis (Bader, 1991) of covalently and ionically bond
adatoms presented in sections 3.1 and 3.2 will confirm this presumption. On that account,
methods to obtain charge transfer based on electrostatic potentials or the band structure will
be explained in the following.

2.2 Electrostatic approaches to charge transfer

An alternative way to describe the amount of charge transfer is to utilize electrostatic models
and to apply them on output from electronic structure methods like density functional theory.
In this sense, the DFT results can be seen as “experimental data” being analysed by theoretical
tools and models.

The DFT calculations presented, here, were performed by means of the Vienna Ab-initio
Simulation Package (Kresse & Furthmidiller, 1996a;b) (VASP) with PW91-GGA functionals;
the geometric structure was modelled by a three-dimensional supercell and an interlayer
spacing of about 25A in order to prevent interaction. The Brillouin zones were sampled within
the tetrahedron and the Methfessel-Paxton method in combination with carefully chosen
k-meshes and cut-off energies. Geometries were relaxed until all forces were smaller than
0.02eV/A per atom.

Electrostatic potential landscapes, experimentally investigated on graphene in EFM
experiments (Moser et al., 2008), can be extracted from DFT simulations (Fig. 1, left) and
used to determine impurity induced charge transfer. From the point of view that (doped)
graphene is metallic, the sheet can be considered as a grounded metal plate of infinite size,
such that — in the simplest model — charged adsorbates can be described by means of
an image charge model: the adatoms are assumed as partial point charges which induces
image charges in graphene. This model is valid at length scales above the screening length of
the doped graphene sheet (Katsnelson (2006)). Then, the electrostatic potential, V' (r), in the
vacuum region above the graphene sheet and the impurity can be modelled as
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Fig. 1. Left: Periodic 4x4 graphene supercell with fluorine adsorbates (red dots). The contour
plot shows the electrostatic potential (in V) in a height of z = 2a¢, (with a¢, ~ 2.46A the
graphene lattice constant). To calculate the charge transfer, several paths through the cell are
considered for different heights z and the image charge potential (Eqn. (1)) is fitted to the
data by optimization of the parameters g;. Right: Potential along paths connecting two
adjacent chlorine adatoms on graphene 4x4 for heights z = 3agr (red), z = 4agr (green),

z = bagr (blue) and fitted curves in units of the lattice constant; the curves are vertically
shifted to the x-axis. Small noise occurs for certain x where a carbon atom is located.

The fitting parameters of this model are the adsorbate point charges g; and an offset V,(z); the
charges are centered at the positions of the impurity atoms, 7; = (x;,y;, z;), and their mirror
images ?; = (x4,¥i, —zi). The offset is given by V.(z) = Vj + Egz, where V} is a constant
and Ej a constant electric field in z-direction due to the three-dimensional periodicity of the
supercell.

The method proves well-suited to fit the charge values for all atomic adsorbates regarded.
Merely for adsorbate groups like hydroxyl, additional dipole fields make the fitting procedure
error-prone (sec. 3.2). Determining partial charges based on Eq. (1) is similar to analysing
dipole moments obtained from the charge density as, e.g., performed for metal adatoms on
graphene by Chan et al. (2008).

An alternative approach to charge transfer based on electrostatic potential is to analyse core
potential shifts of the carbon atoms. These core level shifts arise from charge rearrangement
around the impurity in the graphene sheet and can be calculated within VASP. The analysis of
core level shifts allows estimates of the impurity charge and gives qualitative insight into the
range of redistributions (Fig. 2). Within VASP, the averaged core potential for an atom sitting
at position R, is determined by (Kresse, 2010)

Vi = [ Vorr(®puest (7 = Ral)d’, @

where Vprr denotes the electrostatic potential from DFT and pys; a test charge with norm 1 in
the core region of each atom. This approach is similar to Adessi et al. (2006), where also atom
centered test charges have been employed. The shift of these averaged core potentials, AV, as
function of the distance to the bonding C atom is illustrated in Fig. 2.

Assuming screening within the linear response regime, the analysis of the core potentials
allows to obtain the relative strength of charge transfer between the different adsorbates and
graphene. If the charge transfer for one reference system is known, also absolute values for the
charge transfer of all systems can be obtained. Additionally, the core potential shifts allow to
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qualitatively characterize the spacial extent of doped regions. A detailed discussion of these
issues will be given in sections 3.1, 3.2 and 3.3.
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Fig. 2. Average core potential shift with respect to a C atom at large distance from the
impurity as function of the in-plane distance for hydrogen and fluorine. The maximum
distance considered, here, is about half the way through the supercell (here 4.5 lattice
constants). It is visible that the doping of hydrogen is opposite to fluorine.

2.3 Band structure and density of states based determination of charge transfer
Spectroscopy experiments are a common tool to study the electronic structure of solids; in
particular, these allow the determination of the density of states of graphene samples. Doping
adsorbates donate or accept electrons from the graphene sheet, which leads to a shift of the
Fermi level. This shift, the difference between the Fermi level Er and the Dirac point energy
Ep, is denoted by

AEr = Er — Ep. 3)

Note that in the case of pristine graphene, Er = Ep, such that AEfp = 0; the sign of AEf
denotes p- or n-type doping. Integrating the total density of states per unit cell of pristine
graphene from Ep to Ep + AEr

Ep+AEF
Ag = e/ D(E)dE, @)

Ep
hence yields the charge transfer between the adsorbate and the graphene sheet which
corresponds to a change in the number of mobile carriers. This method relies in the
assumption that the adatoms do not change the density of states in the integration interval.
While covalently bond adsorbates induce resonances in the DOS near the Dirac point (sec.
3.2), the method is well legitimate to apply for ionically bond impurities, where resonances
only occur far away from the Dirac point (AEr < 1.5eV’; Fig. 3).
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Fig. 3. Total density of states of pristine graphene (green) and of K on a graphene 4x4
supercell (red). The Fermi level is set to zero.

3. Monovalent adsorbates

We now consider monovalent adsorbates and show that these interact strongly with
graphene. The charge transfer between the adsorbates and the graphene sheet is calculated
by the approaches explained above and its relation to carrier doping as well as electron
scattering is pointed out. The electronic structure of a graphene-impurity system features
fundamental differences between covalently and ionically bond adsorbates; for instance,
ARPES (angle-resolved photoemission spectroscopy) experiments yield that ionic potassium
is a strong dopant with rather weak bond (Chen et al., 2008), while weak doping is found
for covalent hydrogen in Raman experiments (Ryu et al., 2008). On this account, we will
investigate doping processes with regard to the bonding mechanism and briefly point out
reasons for the different bonding behaviour. In detail, calculations of monovalent hydrogen,
fluorine, chlorine, potassium and hydroxyl adsorbed on graphene within DFT are presented
in the following. Next to an extensive analysis of the charge transfer, we will discuss the range
of charge redistributions with the help of a tight-binding model.

3.1 lonically bond impurities

By definition, ionically bond impurites mean high charge transfer and low hybridization
with the graphene bands. I.e. monovalent ionic adsorbates are expected to cause charge
transfer in the range of |q| < e !. This kind of charge transfer is detectable as a shift of the
chemical potential in ARPES experiments (Ohta et al., 2006; Zhou et al., 2008). In the density
of states, potassium and chlorine create a sharp resonance, which gives rise to an acceptor
level below the Dirac point (Cl) or a donor level above (K; Fig. 3). The weak hybridization of
the ionic impurities is also reflected in the migration barrier. These are typically in the range

! The reason for having |q| < e instead of |g| = e, in a general case, lies in the fractional covalent character
of any ionic bond.
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Type|Size (conc.)|Image Charges|Core levels|Bader analysis |Fermi level shifts
K | 4x4 (3.1%) +0.68 +0.83 +0.64
9x9 (0.6%) +0.80 +0.80 (ref) +0.91 +0.97
Cl |4x4 (3.1%) -0.40 -0.50 -0.38
9x9 (0.6%) -0.54 -0.56 -0.57 -0.65

Table 1. Charge transfer between potassium / chlorine and graphene for the image charge
model, the averaged core potential method, Bader analysis and the Fermi energy shifts in the
DOS (all values in units of e) and two different supercell sizes (impurity concentrations). The
value named "ref" for potassium is the charge value from the image charge method. It is used
as a reference value to be able to extract absolute values for the charges of chlorine,
hydrogen, fluorine and hydroxyl from the core levels.

of less than 0.1eV and therefore about one order smaller than for neutral covalent impurities
(Wehling et al., 2009b).

We calculated charge transfer of potassium and chlorine adatoms by means of Bader analysis,
in both electrostatic models and from Fermi level shifts. To this end, we fully relaxed the
graphene adsorbate systems and obtained the minimum energy adsorption geometries (c.f.
Wehling et al. (2009b)). Chlorine favours a top site (T) bonding (on top of a carbon atom) at
2.7A above the graphene sheet, whereas potassium prefers the hollow site (H) in the middle
of a carbon ring at a height of about 2.6A.

In table 1 we present the charge transfer for both adsorbates obtained within the different
approaches and as function of impurity concentration (supercell size). The signs of the partial
charges show that potassium acts as a donor while chlorine behaves as an acceptor. The results
for potassium are in rough agreement with Chan et al. (2008); they found a value of 0.76e for
a 4x4 supercell, as well from Fermi level shifts. Similar findings were published by Lugo-Solis
& Vasiliev (2007).

Obviously, the amount of charge transfer is concentration dependent: the strength of the
doping decreases with the impurity concentration. This trend is consistently obtained within
all methods to calculate charge transfer, here.

For the two ionic impurities all approaches are qualitatively consistent with each other.
Depending on the experimental observable to be modelled either the electrostatic potential
based methods or the Fermi level shifts should be considered. The values derived from the
electrostatic potential should be most useful to discuss contribution to Coulomb scattering
while the Fermi level shifts should yield quantitatively the best estimate of doping. The
Bader results for ionically bond impurities tend to yield slightly higher charge values than the
electrostatic models; covalent adsorbates, presented in the next section, are more problematic
within this method.

3.2 Covalently bond impurities

In contrast to ionically bond impurities, covalent adsorbates show strong hybridization with
graphene orbitals leading to a formation of stable states with strong bonds. The local density
of states (LDOS) of covalently bond impurities is broad and constitutes a midgap state at the
Fermi level as well as characteristic resonances at high energies (Wehling et al., 2009b).

All covalent monovalent adsorbates prefer top-site bonding and create impurity states that
are localized at the adsorbate and the nearest neighbours of the bonding C atom (Fig. 4).
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Type|Size (conc.)|Image Charges|Core level shifts| Bader analysis
H | 4x4 (3.1%) +0.18 +0.04
5x5 (2.0%) +0.16 +0.03
7x7 (1.0%) +0.14 +0.02
9x9 (0.6%) +0.15 +0.12 +0.01
F | 4x4 (3.1%) -0.39 -0.58
5x5 (2.0%) -0.39 -0.59
6x6 (1.4%) -0.38 -0.58
9x9 (0.6%) -0.39 -0.52 -0.57
OH | 4x4 (3.1%) -0.43
5x5 (2.0%) -0.45
9x9 (0.6%) -0.44 -0.45

Table 2. Charge transfer between hydrogen / fluorine / hydroxyl and graphene for the image
charge model, the averaged core potential method and the Fermi energy shifts in the DOS
and different different supercell sizes (impurity concentrations). All values in units of e.

The bonding partner of the impurity is decoupled from graphene’s Dirac bands and scatters
electrons similarly to vacancies. The universality of midgap states in graphene has been
investigated by several groups (Boukhvalov & Katsnelson, 2009; Casolo et al., 2009; Wehling
et al., 2008; 2009a;b).

We now turn to the description of charge redistributions due to covalent adsorbates. Their
contribution to Coulomb scattering is directly related to changes in the electrostatic potential
and consequently to the partial charges derived from the core level shifts or the image
charge model. Our results for charge transfer within different models between graphene and
hydrogen, fluorine, and hydroxyl adsorbates are given in table 2.

For hydrogen we obtain modulations in the electrostatic potential and the core levels
corresponding to a “charge” as relevant for Coulomb scattering on the order of 0.1 — 0.2e.

0.25 . — . . . ;
—— bonding partner
02F I_{l_esarest neighbour i
>
= 0.15
75)
o 0.1
A
=
0.05

Fig. 4. Local density of states (LDOS) of hydrogen, the bonding partner, and the nearest
neighbour on a 4x4 supercell (from Wehling et al. (2009b)).
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Bader analysis yields a hydrogen partial charge of g = 0.01 — 0.04e. This is qualitatively
consistent with the electrostatic models, as |g| < e in both cases, but using the Bader charge in
the context of Coulomb scattering would lead to an underestimation of the scattering strength.
A hydrogen charge |g| < e has also been obtained within Mulliken population analysis by
Zhu et al. (2005).

Experimentally, the contribution of H adatoms on graphene to Coulomb scattering has not
yet been determined. Ryu et al. (2008) investigated hydrogen doping effects by means of
Raman spectroscopy. They estimate, under a hydrogen contamination saturating about 13%
of carbon bonds (corresponding to approximately one hydrogen atom per 2x2 supercell), a
charge donation of 0.003¢ per hydrogen atom. This is qualitatively in line with |g| < e as
obtained in the context of Coulomb scattering from DFT. However, it also demonstrates that
an effective electrostatic charge on the order of 0.1 — 0.2¢ does not necessarily imply doping
of the graphene bands by the same amount. As the LDOS in the vicinity of the Fermi level is
significantly altered by the covalent adsorbates, Eq. (4) cannot be used to extract the doping
from the DFT calculations.

Fluorine adatoms show covalent bonding, in contrast to the other groups VII elements
(Wehling et al., 2009b). Due to the strong hybridization, the bonding carbon atom is lifted
in z-direction by around 0.5A. The fluorine adatom sits in a height of z &~ 1.6A. Consistent
with the large eletronegativity of F, the partial charge obtained within the electrostatic models
(—0.4 — —0.5¢) as well as by Bader analysis (~ —0.6e) is significantly bigger than for H
and correspondingly stronger Coulomb scattering due to F adsorbates is expected. The same
holds for hydroxyl adsorbates which have been analysed within Bader and the averaged core
potential method. Long range charge redistributions due to hydroxyl and fluorine will be
further investigated within a tight-binding model in sec. 3.3.

Our charge analysis shows that the (electrostatic) charge of covalently bond adsorbates is
rather constant in the range of impurity concentrations between 0.6% and 3%. This is in
contrast to the ionically bond impurities, where charge transfer has been proven to increase
with the supercell size.

3.3 Charge redistributions and coulomb interactions in a tight-binding model

To learn more about charge redistributions induced by covalent impurities in graphene
we investigate this problem within a tight-binding (TB) model. For pristine graphene a
TB model has been first considered by Wallace (1947). Concerning the question of charge
rearrangement, the key benefit of this method lies in the possibility to calculate at much lower
impurity concentrations than possible in full-potential DFT simulations. Supercells of a size
up to around 100x100, thus concentrations of 0.005%, could be taken into account in our TB
simulations.

Omitting the spin index and restricting to nearest-neighbour hopping, t ~ 2.7¢V, the
tight-binding Hamiltonian of pristine graphene reads

Hy=—tY (a:-rb]- +h.c.) . )
(i)

Here, ai(a:-r) and bi(bj) are the annihilation(creation) operators acting on electrons on site R;in
sublattice A or B.
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In order to take impurity states into account, we extend the Hamiltonian by an orbital with
on-site energy €;,,, which is coupled to a carbon atom orbital via the hopping V:

H=Hy+V (a;r,o + h.c.) + eimpoJro. (6)

Here, o (0) denotes the creation (annihilation) operator of an impurity adsorbed at a carbon
atom of sublattice A on site R;.

In order to simulate realistic impurities, one has to find accurate values for V and €;,), first.
This can be done by a fit of the tight-binding band structure to the DFT band structure of
the considered graphene-impurity system (see e.g. Wehling et al. (2010)). In this section, we
consider impurities with the parameters V = 4.0¢V and €;,,, = —2.0eV which roughly fit,
both, the hydroxyl and the fluorine band structures from Wehling et al. (2009b). To investigate
different adsorbate concentrations we simulate supercells of size d x d containing 24> carbon
7t orbitals and one impurity.

With the number operator n; = a:-ral- and n; = b;rbi for i belonging to sublattice A and
B, respectively, we consider the on-site occupancies p; = 2(n;) (the factor 2 is due to spin
degeneracy) and its deviation

qi =e(pi —1) @)
from the pristine graphene value. Analogously, we define for the impurity occupation p;;,, =
2(00) and charge Timp = €(p;i — 1).
Table 3 gives the impurity charges, q;,,, obtained for different concentrations; it increases only
slightly with the supercell size and saturates around —0.6e.

Partial impurity charge g;,, in units of e
5x5 | 7x7 |11x11|23x23|37x37 |61x61|83x83
-0.341|-0.344|-0.431|-0.536|-0.573|-0.588|-0.591

Table 3. Charge transfer to the hydroxyl group within tight-binding.

The impurity charges obtained in the TB model mimicking hydroxyl or fluorine are in
qualitative agreement with the strength of the Coulomb potentials extracted from core
potential shifts in section (3.2).

The lateral extent of the doped regions can be studied by constructing a circular disk of radius
ry around the impurity and summing up all partial charges of the atoms within the disk,
including the impurity. The total disk charge is given by

Qdisk = Gimp + Y. qi 8)
iE{‘Eo—ﬁi|§Td}

where Ry is the lateral position of the impurity, R; the position of the carbon atom at site i.
For different disk radii, the total charge can be obtained from the model and the range of
redistributions estimated (Fig. 5, right).

In the region of the impurity, the sign of the on-site partial charge allows clear distinction
between the sublattices (Fig. 5, left). With impurity binding to a sublattice A atom, the A
sublattice is hole-doped, while the B sublattice is electron-doped near the impurity and
slightly hole-doped far away. In close proximity to the impurity, the disk is charged by the
adatom and a maximum in the disk charge due to the midgap impurity state occurs within
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Fig. 5. Hydroxyl in nn TB: Partial charges of graphene atoms on sublattice A (red) and B
(green) for a 23x23 supercell as function of the distance (left) together with a zoom (inset).
The total disk charge for several supercell sizes is shown right.

some lattice constants off the impurity. For larger supercells, i.e. lower concentrations of
impurities, the maximum disk charge increases (Fig. 5, right); the slope of the disk charge is
simply given by the single partial charges (Fig. 5, left) which show small Friedel oscillations.
Far away from the impurity, the B sublattice is charged negatively such that the total disk
charge decreases almost linearly. We note that the range of charge redistributions (region with
linear slope in Fig. 5, right) is on the order of the inter impurity distance even for impurity
concentrations as low as 0.007% corresponding to the 83 x 83 supercell.

Concerning long-range doping, the question of a possible oversimplification of the TB
model arises. In reality, the Coulomb energy cost might suppress long range charge
redistributions. Therefore, we extend the Hamiltonian (6) by an additional term, taking
electrostatic interaction between all N electrons into account (Castro Neto et al., 2009):

1
HC = i 2 Ui,jn,-nj. (9)
1,]

The term U; j describes the Coulomb repulsion

o2

s o—FF= (10)
v 47T€0|R,‘ T le

between two electrons on different sites (R; # ﬁj). The on-site repulsion was chosen to

U;; = 15eV. We solve the Hamiltonian H + H¢ within the Hartree approximation, wherein

the many-body electron-electron interaction (9) is replaced by the electrostatic potential from

charge distribution in the system. Hence, we replace (9) by the Hartree Hamiltonian

N
Hy =) Vin; (11)
i

with
N

Vi =) Uij(np). (12)
j
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The problem is solved self-consistently; after the initial determination of an eigensystem
from Hamiltonian (6), the Coulomb part (11) is calculated and the eigensystem updated; this
procedure is repeated until a converged solution is obtained.

1 T T T T T T T
83x83TB -+
09 - 83x83 TB+H <
61x61TB ¥
08 r 61x61 TB+H | "
’ 23x23 TB

k4 0.7 % 23x23 TB+H .
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Fig. 6. Charge of the disk around the adsorbate as function of the radius for OH on graphene.
The plot shows curves for different supercell sizes A (see legend); “TB” calculations are
performed in nn tight-binding without Coulomb repulsion, “TB+H” curves are from nn
tight-binding with Coulomb interaction in Hartree approximation.

The results for the impurity with V' = 4.0eV and €;,,,, = —2.0eV show that the long range
Coulomb interaction does not significantly affect the charge distribution in the doped region
(Fig. 6). For supercells larger than 23x23, the Coulomb repulsion tends to slightly reduce
the disk charges, whereas for small supercells, i.e. high concentrations, the charges slightly
increase. The transfer between adsorbate and graphene layer only changes insignificantly,
such that Coulomb interactions keep charge transfer and redistribution almost unaffected in
the window of investigated impurity concentrations from 0.007% to 2%.

4. Conclusions

In this chapter we investigated adsorption processes under the general aspect of charge
transfer. Charge transfer can either refer to doping, i.e. from electrons transferred from states
localized at the impurity to the host bands, or to the redistribution of charge density associated
electrostatic potentials. These two types of charge transfer have to be carefully distinguished.
The electrostatic potentials due to charge redistributions are particularly important in the
context of Coulomb scattering. We investigated charge transfer of realistic monovalent
adsorbates on graphene by electrostatic means, i.e. the image charge method and core level
shifts, and derived the effective charge g of the impurities to be used in the context of Coulomb
scattering. For ionic impurities we find effective charges on the order of |g| ~ 0.5 — le
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and for covalent impurities |g| in the range of 0.0 — 0.5¢. Hydrogen adatoms which are of
particular experimental importance create electrostatic fields corresponding to a partial charge
of g =~ 0.1e.

For the ionic impurities the graphene bands remain mainly intact and the doping can be
estimated from the position of the Fermi level with respect to the Dirac point. Qualitatively, the
impurity charges obtained in this method for K and Cl coincide with the respective effective
charges in the context of Coulomb scattering. Moreover, the charge transfer of ionic potassium
and chlorine proved to be similarly and consistently sensitive to the impurity concentration,
both, in the context of doping as well as Coulomb scattering. There are, however, quantitative
differences between the charge as relevant for Coulomb scattering and for doping. The latter
turned out to be up to 20% bigger than the former.

Further investigated charge redistributions within the graphene sheet by means of a
tight-binding describe impurities like hydroxyl or fluorine. The model illustrates that even
far away from the impurity and for low impurity concentrations rearrangement of electrons
is detectable. These results hold true if Coulomb repulsion is taken into account. The impurity
charge in the TB model is in qualitative agreement with the charge transfer obtained from the
core potential method applied to the DFT data of hydroxyl or fluorine adsorbates.

In the future, the contribution of different realistic adsorbates to minimum carrier
concentrations achievable in graphene would be worth to investigate. Moreover, interfacing
the charge transfer with electron transport theory would be desirable and might be a key to a
realistic first-principles based theory of electron transport in graphene.
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