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Abstract:

With the aim of understanding recent experimental data concerning non-covalent n/p-
doping effects in grapheme samples, we have investigated the interactions between
two prototypical donor and acceptor molecules and graphene mono and bi-layers
systems, by means of density functional theory calculations. We report and rationalize
the structural, thermodynamical aspects, as well as charge transfers and the induced
electronic structure modifications of the graphenic substrates in interaction with
tetrathiafulvalene (TTF), an organic donor molecule and tetracyanoethylene (TCNE),
a typical acceptor. If the results show that p-doping of a graphene monolayer due to
TCNE molecules, can occur even at low concentration, n-doping of graphene requires
either larger concentrations or cooperative adsorption of TTF molecules. In both
cases, non-covalent doping only implies shifts of the Fermi level, and keeps the linear
dispersion of the m and st* state around the Dirac point. Moreover the intercalation of

donor/acceptor molecules decouples the layers and doped them.
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1. Introduction

Graphene, a truly two dimensional monolayer of sp>-bonded carbon, is a very
inspiring material, since its unique physical properties, especially the ballistic electron
transport,' could lead to many applications. For instance, in the case of graphene
based devices, a key issue is to tune the carrier concentration by shifting the Fermi
level of the graphene above or below the Dirac point, where the density of states is
zero.? This can be realize either by applying electric field,*> with a gate voltage, or
chemically .57

Chemical doping is an effective method to tailor the electrical properties of
graphene, by controlling the hole or electron concentrations and at the same reducing
unwanted contamination. A recent review® has been devoted to present the chemical
functionalization of graphene state of the art. One promising route, to achieve a fine
tunable graphene device, is the use of non-covalent interaction. This solution offers
two main advantages over covalent doping. Firstly it does not disturb the graphenic
lattice,’!° leaving the electronic structure intact.!! Secondly this process is completely
reversible, contrary to covalent doping that randomly adds back-scattering centers.

Moreover the electronic behavior of experimental samples of graphene is
totally dependent on the growth methods.!? In some cases few layers graphene (FLG)
can be obtained. It is well documented that the stacking geometries impact the
electronic behavior of graphene, and one can imagine that intercalation process
should control the doping in the case of FLG samples.

Several electron donor and electron acceptor (EDA) molecules have been

extensively used for non-covalent doping of graphene, or single walled carbon



nanotubes (SWNTs), see Ref [13] for a recent review. Substantial experimental
studies have been performed to modify the properties of carbon nanostructures and
understand changes in their electronic structures. Several experimental works have
investigated interactions between carbon nanostructures and EDA molecules, such as
TCNQ,*!5 TTF,'!7 TCNE,"®" and F4-TCNQ.* Charge transfer induced by EDA
molecules is usually indirectly observed, but n-doping and p-doping have been
reported mainly by Raman spectroscopy. However the amount of charge transfer is
seldom reported due to the difficulty of quantifying the charge transfer by a proper
measure in any experimental studies. To obtain a direct estimate of charge transfers
and a better understanding of their effects, theoretical studies are mandatory. For
instance, studies based on density functional theory (DFT), on TCNQ,?! benzene,??*
DDQ,!"2 TTF?'222 or TCNE!? molecules adsorbed on graphene or SWNTs have
been reported. In substance, their main conclusions are that non-covalent
functionalization definitively leads to electronic structure’s modifications. For
instance F4-TCNQ, TCNQ and TCNE molecules can pull electrons from graphene,
while TTF or TDAE! molecules can give electrons to graphene. Usually this CT is
determined by a Mulliken population analysis.

One has to keep in mind that the description of ground state CT complex using
standard DFT calculations is still challenging. It is well known that Local Density
Approximation (LDA) of the exchange-correlation functional are known to
overestimate the binding energies of strong CT complexes,® and the CT values.
Exchange-correlation functionals based on Generalized Gradient Approximations
(GGA) usually perform better,”” and improved results can be obtained with, first the
inclusion of an amount of exact exchange and more importantly with the addition of a

dispersion-term that account for weak interactions.



In this study, we have investigated theoretically the binding, the CT of a
typical acceptor molecule (TCNE) and a prototypical donor (TTF) with graphene
monolayer and bilayer. We have studied the effects of the inclusion of van der Waals
forces, by a non-empirical correction. Weak interactions definitively stabilize the
system, yielding larger binding energies, but more importantly provide more reliable
geometries. For graphene ML, an efficient p-doping is obtained, around 0.5 e for a
molecular concentration of one percent approximately, in the case of a withdrawing
molecule, without a strong change in the electronic structure. Larger concentrations of
adsorbate are needed to obtain similar CT values in the case of n-doping by TTF. In
the case of bilayer, intercalation of EDA molecules decouples the two MLs and
efficiently dopes the system. The paper is organized as follow: next section is devoted
to the computational settings and model presentations. Then results dealing with
graphene monolayer and bilayers are reported in section 3, followed by the

conclusion.

2. Computational details

We have performed total-energy DFT calculations with the Vienna ab initio
simulation package VASP.23! The code uses the full-potential projector augmented
wave (PAW) framework .3>** A 400 eV cutoff energy for the plane-wave basis set was
used. In order to compare our results with previous ones, we have used the semi-local
Perdew-Burke-Ernzerhof (PBE),** and LDA3 exchange-correlation (xc)-functionals.
We have also used the vdW-DF functional,***7 that accounts for dispersion effects
self-consistently, in conjunction with PBE xc-functional for short-range effects. We
are aware of recent results dealing about accuracy of vdW-DF scheme?®® and the

crucial choice of the xc-functional to describe short-range effects.’** Using this



scheme, we were able to obtain a correct interlayer distance in graphite 3.4 A, despite
a value of the cleavage energy (65 meV/atom) larger than a more accurate estimate*
(56 meV/atom). All atoms have been fully relaxed until the forces on individual
atoms were smaller than 0.02 eV A-'. The Brillouin zones (BZ) of the calculation
cells have been sampled according to a I'-centered grid. Besides, k-points sampling
has been determined by converging total energy within several meV.

Considering the models to describe the molecule/graphene at several
adsorption’s situations and at various concentrations, we have considered: 1 molecule
on a graphene ML made of 98 carbon atoms (7x7 primitive cells), 1 molecule inserted
in a bilayer (98 carbon atoms for each layer), 2 molecules adsorbed on both sides of
one ML with 98 carbon atoms, 1 molecule on graphene ML made of 24 carbon atoms
(3x4 primitive cells) and 2 molecules on the same ML. Additionally we have
carefully chosen a sufficient vacuum length in the (Oz) direction to avoid spurious
interaction between periodic images.

We have employed Bader Charge Analysis method*® to estimate the charge
transfer in the different xc-functional approximations, using Bader program of G.
Henkelman’s group.*¢ In order to follow the tracks of electronic structure changes
of the molecules, numerical derivatives were used to calculate harmonic frequencies
of the adsorbed molecules and compared to freestanding molecule situations.

To discuss thermodynamically the stability of the various configurations, the
key parameter is the adsorption energy. It is defined for a molecule on a carboneous

substrate as:

ads = E(mo]/graph) _E(graph) _nE(mol) /n



where n stands for the number of adsorbed molecules. One needs to subtract the total
energy of the carbon nanostructure (Em.m) and the freestanding molecule energy
(E(mon) from the total energy (Emoverapn) Of the relaxed molecule on the carbon-based
system.

According to the highly symmetrical geometries of TTF, TCNE molecules and
the honeycomb structure of the carboneous substrates, we have considered four
different configurations, as in a previous theoretical work.?> The corresponding
orientations of the molecules are presented in Figure 1. Additionally we have tested a
non-symmetrical configuration (Figure 1-B(c)), denoted displaced position in the
following. The configuration’s name refers to the relative position of the central C=C

bond of the adsorbed molecule with respect to the graphenic plan.

Figure 1. Top view of schematic structures of different adsorption configurations for
TTF on graphene panel A: a. Hollow-I, b. Bridge-I, c. Displaced, d. Hollow-T, e.
Bridge-T. TCNE on graphene panel B: a. Bridge-I, b. Hollow-I, c. Displaced, d.
Hollow-T, e. Bridge-T. The grey lines represent the flat graphene layer. The carbon
atoms are in grey, nitrogen atoms are in blue, hydrogen atoms are in white, and
yellow balls stand for sulfur atoms.



3. Results and Discussion

3.1. Adsorption modes of TTF@graphene

The Hollow-I, Hollow-T, Bridge-I, Bridge-T and the displaced adsorption
modes of a single TTF molecule on graphene are depicted in Figure 1-A. Some
geometry changes due to the interaction between TTF and graphene are observed,
mainly at the molecule level with the three tested xc-functionals. The molecule is
bent, with a dihedral angle of 162° defined by the C=C central bond and two
hydrogen atoms at the molecule extremity), while the graphene ML stays almost flat.
Although the molecule is curved, its geometric key parameters like bond-length vary
only little (within 0.04 A), while angles retain the values of the freestanding TTF
molecule. The equilibrium distance between the TTF molecule and the graphene
layer, defined as the distance between the middle C=C bond and the graphene layer
depends on the xc-functional choice. As expected, the larger value is for PBE (3.6 A),
while vdW-DF reduces it by 0.1 A. The LDA equilibrium distance is 3.4 A, which
can be viewed as a first indication of a too strong delocalization of the molecular
electronic density.

Table 1(a) summarizes adsorption energies of the different configurations for
TTF/graphene system in PBE, LDA, and vdW-DF respectively. The most stable
configuration is the “Bridge-T” configuration (Figure 1-A(e)) for the three tested
functionals. This result is consistent with previous studies.?? Indeed using LDA, Sun
et al’* report a value of —16.6 kcal/mol for the adsorption energy in LDA, while in
Ref [21], the adsorption energy is about —7 kcal/mol for the same adsorption mode.
Mind that these differences can be attributed to various computational settings and

cell calculations.



TABLE 1: Adsorption Energy (in kcal/mol) of TTF(a) and TCNE(b) on graphene
Monolayer and charge transfer (in elementary charge unit (e)) between molecules and
graphene in the case of five different sites, for 3 different flavors of exchange-
correlation functionals, at low concentration (1 molecule per 98 C atoms).

a)
) (PBE) (LDA) (vdW-DF)
Configuration Fn CT Fo. CT o CT
Hollow-1 -1.5 0.11 -12.8 0.21 -28.7 0.06
Bridge-I -1.5 0.12 -12.0 0.19 -28.6 0.07
Displaced -1.6 0.13 -13.0 0.21 -28.6 0.07
Hollow-T -1.5 0.12 -13.2 0.20 -28.7 0.06
Bridge-T -1.7 0.11 -14.1 0.20 -29.2 0.07
b)
. (PBE) (LDA) (vdW-DF)
Configuration Er CT F CT Eo CT
Bridge-I -8.4 -0.45 -17.8 -0.44 -31.8 —-0.45
Hollow-1 -93 -0.44 —-19.5 -0.44 -32.9 -0.46
Displaced -8.4 -0.44 —-18.8 -0.44 -32.4 -0.46
Hollow-T -9.1 -0.46 -19.4 -0.45 -32.7 —-0.49
Bridge-T -8.3 -0.47 -17.9 -0.46 -31.9 -0.48

Interestingly the adsorption energies of five sites are almost equal for one
particular choice of functional. It reveals that the TTF molecule can move or even
rotate relatively easily, especially at room temperature, at very low energetic cost.
When comparing the three tested functionals, LDA binds the system with an
adsorption energy of around —13 kcal/mol, while very weak binding is yielded with
PBE. By including non-local correlation terms, i.e. with the vdW-DF functional, a
stronger binding is obtained, more than twice LDA Eags values, as a result of van der
Waals forces contribution. It means that, as explained in the recent study of
Steinmann et al,”’ dispersion forces have a significant additive stabilization’s effect on
CT systems. An indirect proof of the existence of this weak interaction, between the

two subsystems, comes from the comparison of specific frequencies of the TTF



molecule before and after adsorption. A tiny shift of the central C=C bond frequency
is observed from 1525 cm™! to 1489 cm™! with PBE functional. This clearly indicates
that there is only weak binding between a graphene ML and TTF. It is mainly a
physisorption-dominant process only, which does not alter the electronic structure of
the molecule, as observed experimentally.'* PBE provides no binding at all, by
missing non-local correlations and by not compensating them by a cancellation of
errors as in the LDA case.

The Table 1(a) also presents CT between the two subsystems, after charge
integration over atomic basins as defined by a Bader analysis. Independently of the
adsorption modes, a small charge transfer from the molecule to the graphene layer is
estimated both in PBE and vdW-DF. The CT value is roughly of 0.le for a
concentration of round 1%, since there is one molecule adsorbed per 98 C atoms. On
the contrary, a charge transfer significantly larger (0.2e) occurs with LDA. These
values are in good agreement with previous studies that report a CT of 0.1 e 2* and
0.26¢ 2? for LDA. To understand this discrepancy between LDA and GGA results,
one has to remind that, as reported in a recent theoretical work,*” LDA intrinsically
tends to delocalize the electron density, while GGA usually contract it. This CT
overestimate appears as a pure artifact of the xc-functional used, and results of a
larger overlap between the “too-delocalized” electronic densities of the two sub-
systems. Indeed, since a work of J. Harris*® in the 80’s, it is known that, at small
overlaps, the balance in the total energy, between the exchange term and the kinetic
term, is broken in the LDA scheme contrary to a Hartree-Fock calculation. This
provides a spurious binding from the exchange contribution of the Hamiltonian, with

an equilibrium distance usually too small. Besides, one has to note that the effect of



the non-local correlation on CT values is very small, and this process is governed by
exchange mainly.

A last evidence of the very weak effect of the TTF molecule adsorption is
obtained by comparing the Band Structure (BS) of TTF/graphene system with the
pristine graphene situation obtained at the PBE level. As it is shown in Figure 2(b),
the presence of the well-localized molecular state placed just in the vicinity of the
Fermi level, and a very tiny gap opening are the only changes in the BS induced by
TTF adsorption, at this particular concentration. Contrarily to previous theoretical
studies, TTF at low concentration does not n-dope graphene. Since the physisorption
of a TTF molecule does not disturb the electronic structure of graphene, it means that
the interaction of this particular electron donor stays weak as soon as the

concentration is around 1%.
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Figure 2: Band structures of pristine graphene (a), TTF/graphene system (b), and

TCNE/graphene system (c) at low concentration.

3.2. Adsorption modes of TCNE@graphene

Figure (1-B) depicts the five tested configurations of the TCNE@graphene
system at low concentration. After relaxation, the TCNE molecule stays flat and
parallel to the graphene layer. Distance between TCNE and the honeycomb layer is
about 3.0, 3.2, and 3.3 A in LDA, vdW-DF and PBE respectively. A first indication of

a CT occurring between the two subsystems, is the significant change in the bond—



length of the central C=C from 1.38 to 1.41 A, without inducing strong deformations
of the graphenic network.

The adsorption energy in Table 1(b) provides interesting information. TCNE
is bound to graphene, no matter the choice of the xc-functional, contrarily to the
prototypical donor molecule, i.e. TTF. The most stable configuration is the “Hollow-
I site shown in Figure (1-B(b)), for the three tested xc-functionals. This result is in
good agreement with previous theoretical works!®2° for LDA and PBE. The inclusion
of long-range correlations stabilizes by almost 24 kcal/mol the system when
compared to the PBE value. This large value results probably of our choice to use
PBE+vdW-DF functional, and we agree that another choice of short-range exchange
functional would certainly reduce this absolute value. Besides, similar to the TTF’s
case, TCNE also has good mobility on graphene, due to small energy differences
among the different high-symmetry adsorption sites. One should also notice that at
this low concentration of adsorbates, TTF and TCNE have very similar adsorption
energy values on graphene ML.

When looking at the frequency of the central C=C bound, at the PBE level, we
have found a significant downshift from 1516 to 1413 cm™!, which is compatible with
the observed increase of the bond-length. This can be viewed as a first evidence of a
change in the molecular electronic structure that may originate from a partial CT from
the graphene to the molecule. Indeed, direct estimate of the CT from graphene to
TCNE is detected. The corresponding values for the three functionals are presented in
Table 1(b). In all cases, a charge of ~0.46¢ is transferred from graphene to TCNE at
this particular low concentration. The agreement with previous estimates 0.3e,'? 0.44
e’ and with reported values with parent molecules like TCNQ (0.3¢)!° and F4-TCNQ

0.3¢,* 0.4e,* 0.5¢!° is clear. Locally, the charge value of each individual atom



indicates that this loss of charge in graphene is attributed to the carbon atoms in the
close vicinity of the adsorbed TCNE. On the other side, the charge gained by TCNE
mostly settles on the N atoms of cyano groups and, to a lesser extent, on the two
central C atoms.

This CT has a drastic consequence in the electronic structure of the graphenic
substrate. The band structure (BS) of the TCNE/graphene system is presented in
Figure 2(c). The main feature is the alignment of the occupied molecular state and the
Fermi level of the total system. As a consequence the Fermi level is shifted below the
typical K-point crossing of the pristine graphene by a value of 0.2 eV, leaving
unchanged the linear dispersion around this point. Thanks to this pure p-type doping
the substrate becomes metallic. This interesting property is in good agreement with a
significant drop in the resistivity of graphene sample doped by TCNE.!® As a
consequence at the same concentration, p-doping is much more efficient that n-doping
of graphene, as it has been proposed based on experimental evidences.!”:!%°
Additionally a non-crossing point just after point K appears in the BS at the Fermi
Level, meaning that the occupied molecular charged state has the same symmetry as
the & states of graphene.

The following subsection is devoted to rationalize CT mechanism with

graphene ML thanks to the adaptation of the Integer Charge Transfer (ICT) model

widely in use in the context of energy-alignment at organic/metal interface.>!

3.3 Charge Transfer mechanism of graphene

Recently based on the conventional Newns-Anderson model,*? Nistor et al?

have proposed that graphene acts as a metallic surface to understand the chemical



disproportionation of adsorbed dopant layers into CT complexes. Basically, the key
parameter that should control the p-doping process is the energy difference between
the lowest unoccupied molecular orbital (LUMO) energy and the work function of the
graphene. In the same spirit, to rationalize the n-doping mechanism, simply by
mirroring the electron and hole density, the key parameter that control the CT, should
be the energy difference between the Ionization Potential (IP) of the molecule, i.e the
highest occupied molecular orbital (HOMO), and the work function of the graphene.
In the ICT model,>*>> which describes, with success, interfaces that are characterized
by a negligible hybridization of molecular orbitals and substrate states, CT occurs
through tunneling, since the substrate work function is greater than the formation
energy of a positively charge donor state (D* in the following) for n-doping or since
the substrate work function is smaller than the formation energy of a negatively
charge acceptor state (A~ in the following) for p-doping. These molecular charged
states D*/A~ can be viewed as derived-states of HOMO or LUMO ones, lying in the
molecular band-gap. They take into account for the changes in electronic and
geometrical structures of the adsorbed species after release/withdrawing of electronic
density, and interestingly they also depend on the substrate’s screening meaning that
the distance between the adsorbate and the graphenic substrate is a key parameter.
Figure 3 summarizes the p-doping process that corresponds to the
TCNE/Graphene situation. As proposed by Braun et al,>! one can represent the CT
mechanism in three steps. Figure 3 panel 1, shows the energetic configuration before
bringing together the two subsystems. Again, we recall that to yield a significant CT,
the work function ®g; has to be smaller than E4-, the energy of the negatively charged
state of the molecule. By reducing the distance (Fig. 3 panel 2) electronic density

starts to flow from the substrate to the molecule, creating a dipole at the interface, due



to the positively charged substrate facing a negatively charged molecule. This dipole
increases the work function of the hybrid system, in other words, it downshifts the
Fermi level, leaving the BS of the substrate unchanged. This increase of the work
function continues until the alignment between Er and E4- is reached, Figure 3 panel
3. The resulting work function ®a-/G: is equal to E4-, meaning that the Fermi level is
pinned to the molecular negatively charged state at the interface. A the energy

corresponding to the interface dipole is equal to the difference between the energy E4-

and ®g;.
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Figure 3: Scheme of p-doping process: panel 1 presents the energy levels before the
interaction starts. Panel 2 shows intermediate situation, with the electronic flow, while
Panel 3 corresponds to the final energy alignment.
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Figure 4: Scheme of n-doping process: panel 1 presents the energy levels before the
interaction starts. Panel 2 shows intermediate situation, with the electronic flow, while
Panel 3 corresponds to the final energy alignment.

Figure 4 shows a schematic view of the n-doping process as one could expect

to happen in a typical donor/graphene interaction case. The initial requirement is that



the work function ®g; has to be greater than Ep-, the energy of the positively charged
state of the molecule. Bringing the donor molecule in contact with the graphene ML,
(Fig. 4 panel 2) electronic density start to leave the molecule to fill empty states of the
substrate. In return it creates a dipole that originates from the negatively charged
substrate facing a positively charged molecule. This dipole now decreases the work
function of the hybrid system, that shifts up the Fermi level. The equilibrium is
obtained when Er matches Ep+. The resulting work function ®p+/: is equal to Ep-+,
meaning that the Fermi level is pinned to the molecular positive charged state at the
interface. The work function difference before and after adsorption represents the
energy corresponding to the created dipole at the interface. No CT will occur if @g; is
smaller than Ep+, or @, is larger than E4-. A so-called vacuum level alignment holds
for this type of interface.

This model helps us to understand non-covalent p-doping of a graphene ML
by TCNE molecules. Indeed by comparing the work function of the graphene sheet
before (®G=4.25 eV) and after adsorption (®a-G:=4.85 eV), we have another indirect
evidence of CT. This increase of the work function is in good agreement with
experimental determinations, usually with an upshift of around 0.3—0.5 eV as reported
in Ref. [51] in the context of organic semi-conductor/conducting substrate interfaces.

Theoretically speaking, the situation is not ideal as well. Indeed the fact that

36 starts to be

semi-local xc-functional usually underestimates molecular band-gaps,
problematic in order to predict quantitative results. For instance, in the TCNE case,
we estimate that the LUMO energy of TCNE is 5.87 eV, a value largely overestimate
when compared to the experimental one. Additionally our DFT estimate of the work

function (4.2 eV) is slightly smaller than the value proposed in a previous theoretical

report’” and the recent experimental determination.’® The overestimate of the LUMO



energy combined with the underestimate of the work function, in standard DFT
calculations, provides the necessary condition, by fortuitous cancellation of errors,
that yields CT between TCNE and the graphene ML.

After adsorption of a single TTF molecule on the (7x7) primitive cell model of
graphene, no significant change in the work function of the hybrid system is observed,
meaning that with semi-local xc-functional calculations, we obtain a vacuum-level
alignment regime at the interface only. The well-reported underestimate of the
HOMO energy in standard DFT calculations is present here too, with a value of 4.7
eV. Besides, by extrapolating the Ep+ value, with a minoring of 0.5 eV as it is
observed experimentally,’! the negatively charged state still lies below the Fermi level
of the graphene sheet. This provides explanation for the absence of CT between TTF
and our graphene ML at low concentration.

Experimentally speaking if one compares brute data, i.e the ionization
potential of the TTF molecule (6.70 €V),>® and the work function of graphene (4.6
eV), and even if one estimates roughly the D" state energy by using the same
percentage of reduction as in some reported experimental data, see Ref [51] and
references therein, no CT should be observed experimentally. As far as the electronic
states of the molecules do not mix with surface states of the substrate, an image
charge contribution is present.®® In the case of metallic substrates, one can expect a
significant reduction of the energy of the D" state, following this law 1/(4*Rads) with
the distance of the adsorbate to the surface. Hence, the positively charged state can be
significantly higher in the molecular HOMO-LUMO gap. We have checked this
assumption in a series of calculations, in which we have reduced the distance between
the TTF molecule and the graphene sheet, from the equilibrium distance. As reported

in Figure 5, one can see that CT increases when the distance gets smaller, which is an



indirect proof of this image charge effect observed experimentally. As it is reported in
the next subsection, increasing the concentration of adsorbates can compact the

structure, i.e reducing the average distance to the graphenic substrate.
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Figure S: Charge transfer (in elementary charge unit (e)) versus the distance reducing
from the equilibrium distance of TTF and TCNE on graphene, at low concentration. It
means that distance reducing O stands for equilibrium position while —1.2 A stands for
a decrease of 1.2 A from the equilibrium distance.

Clearly, tuning the work function of graphene could be essential to the use of
graphene for transparent electrodes, see reference [61] for instance, since Fermi level
of graphene stays well aligned with the hole-injecting molecules, avoiding Ohmic
contact or Schottky barrier. Varying CT by changing adsorption modes,

concentration, could be of first importance for possible applications; this is discussed

in the next paragraph.



3.4 Tuning the CT mechanism of graphene

To study the influence of the concentration of the adsorbed molecules the
practical way is to reduce the calculation’s cell: we have chosen to test a situation of
one molecule per 24 C atoms. At this particular coverage value, the intermolecular
distance becomes relatively small: 2.4 A for TTF and 2.6 A for TCNE and has strong
structural consequences. Firstly this leads to an enhancement of the lateral
intermolecular interaction, but a weakening of the interaction between molecules and
the graphene layer. This is reflected in the change of the molecule/graphene distances
enlarged by 0.4 A and 0.3 A for TTF and TCNE respectively. Secondly the small
intermolecular distances cause intermolecular repulsion that distorts molecular
structures drastically. For example, TTF becomes more curved, the dihedral angle is
now 149°; the angle of C=N-C=C changes from 118 to 115 degrees to reduce
repulsion from steric effect. Interestingly bond lengths of adsorbed molecule remain
almost identical as in the low concentration situation. As expected, the adsorption
energy is less important than at low concentration, in other word the systems are less
bound (74 kcal/mol) due to lateral interactions. This may partially explain
experimental results, in which donor molecules tend to bind less to graphene than
acceptor molecules.'

Considering the CT at this concentration, TTF molecule does not transfer
density to the graphene layer. On the contrary a charge of 0.18e per TCNE molecule
is transferred from graphene to TCNE. Although total charge transfer decreases in
high concentration, charge transfer per carbon atom increases from 0.0046 (1

molecule per 98 C atoms) to 0.0075. This result is compatible with the evolution of



the Raman upshift of the G-band with respect to the dopant concentration; see Ref
[18, 19] for instance. Since the charge transfer remains mainly local (limited in
space), the molecular packing over the substrate is a key parameter to enhance the
charge transfer.

Additionally doubling the concentration, (two molecules on a 24-carbon
layer), is about to explain a recently published experimental work. It has been
reported that when an effective dopant like F4-TCNQ is densely packed on epitaxial
graphene film, most of the molecules are standing up.®* The authors have proposed
that the dopant molecules would be perpendicular to the graphene layer, since the
dopant concentration becomes significant. To verify this, we have studied two
different configurations: two molecules perpendicular to graphene and two molecules
parallel to graphene at large coverage value. The relaxation process starting from two
molecules parallel to graphene shows that this configuration is highly unstable.
Balance between intermolecular repelling, limiting space and attractive interaction
with the graphene layer slantingly aligns the molecules on graphene. See Figure 6
panel (a) for geometry’s snapshots, of this double molecular layer configuration.
Energetically speaking, when 2 TTF molecules interact with the graphene ML, the
slanting adsorption mode is more stable, by more than 10 kcal/mol, (Table 2) than the

perpendicular mode, due to the strong repelling between the molecules.
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(a) (b)

Figure 6: Side view of two molecules adsorbed on a graphene monolayer at high
concentration, 2 molecules per 24 C atoms. Panel a: Two TTF molecules (left) and
two TCNE molecules (right) slantingly adsorbed on graphene ML. Panel b: Two TTF
molecules (left) and two TCNE molecules (right) perpendicularly adsorbed on
graphene ML.

TABLE 2: Adsorption Energy (in kcal/mol) of TTF and TCNE on Graphene
Monolayer at a High Concentration (2 molecule per 24 C atoms) and Charge Transfer
(in elementary charge unit (e)) Between Molecules and Graphene.

PBE vdW-DF
Eads CT Eads CT
T Slanting 2.1 0.02 -31.6 0.03
Perpendicular —0.7 0.06 -21.9 0.05
Slanting 2.1 —0.11 -20.7 —0.11
TCNE  porpendicular 2.8 0.17 212 0.18

In the case of acceptor molecules (like TCNE) the configuration with two
molecules perpendicular to graphene (see Figure 6(b)) is stabilized by only 0.5
kcal/mol. This simply means that in the TCNE case, slanting and perpendicular
adsorption modes are degenerate. This result confirms the proposed schematic
deposition of F4-TCNQ molecules on graphene ML grown on SiC in Ref [62]. Indeed
in both configurations two types of N atoms would be detected in XPS experiments,
the ones closer to the graphene layer with a more pronounced N-' character and the
others staying uncharged. Moreover, the perpendicular configuration enhances the CT
for the graphene to the TCNE molecules: doubling again the concentration leads to a
doubling of the CT per carbon atom, from 0.0075 e/C to 0.015 e/C. This phenomenon
originates from the fact that in perpendicular configuration the two molecules interact
with the graphene ML.

Another possible situation has been explored: the symmetrical and displaced

co-adsorption of two molecules on both side of a graphene ML. The adsorption



energy per molecule stays close to one obtained by a single adsorbed molecule: —29.2
kcal/mol and —30.7 kcal/mol for TTF and TCNE in symmetrical co-adsorption
configuration respectively, while the adsorption energy for TTF and TCNE in
displaced co-adsorption mode is —29.6 and —31.1 kcal/mol. The distance between
molecule and graphene remains the same as in the one-side adsorption mode, in both
cases. The graphene ML is slightly buckled in opposite direction due to displaced
adsorption of molecules, however, it remains flat in symmetrical co-adsorption mode.
The graphene ML gives 0.30e to each TCNE, and each TTF provides 0.09¢ to
graphene layer. This adsorption mode also enhances CTs from the graphene point of
view. This significantly modifies the electronic structure of the graphene ML, as it
can be seen in Figure 7(a) and (b). For instance with the 2TTF/graphene system, the
upshift of the Fermi level is now 0.36 eV, while it is not significant for one molecule
adsorbed. With two TTF molecules symmetrically adsorbed, graphene is more
effectively n-doped, probably due to the fact that the adsorption of a first molecule on
one side decreases the work function of the hybrid ML compared to the pristine one
and favors a CT on the other side, which in return reduces the work function.
Meanwhile, for 2TCNE/graphene system, the Fermi level is shifted down by 0.57 eV
when comparing to the doped graphene by a single molecule case. To summarize,
below a certain concentration (around 8%), doping effect on graphene due to non-
covalent interaction can be reinforced by increasing dopant’s concentration, i.e with

increasing the molecular packing.
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Figure 7: Band structures of symmetric TTF/graphene/TTF hybrid system (a) and
TCNE/graphene/TCNE (b) at low concentration.

Without a good control in the synthesis process, graphene samples usually
appear to be few layers graphene (FLG) instead of a single monolayer (ML). For
instance the samples used in recent experiments'’""** to study by Raman
spectroscopy CT effects on graphene, are typically made of 2 to 6 layers. To

investigate the interaction with FLG, we have intercalated TTF and TCNE molecule



between two graphene MLs presenting an AA-stacking and AB-stacking. In this
situation the concentration of adsorbate is one molecule per 196 C atoms. The
interlayer spacing is known to be crucially dependent to the xc-functional choice. At
the vdW-DF level, the AA-stacking layers are stabilized with an interlayer spacing of
64 A and 62 A for TTF and TCNE molecule respectively. Besides, the distance
between the layers in the AB-stacking is 0.2 A smaller than in the AA-stacking
situation. When the calculations are performed with the pure PBE functional, the
separations between two layers are 6.8 A and 6.4 A for TTF and TCNE respectively,
regardless of bilayer’s stacking mode. In both cases, the molecule just locates in the
middle of interlayer spacing, and remains completely flat due to symmetrical
interactions. However, the two graphene MLs are buckled independently of the
molecule; the two closest carbon atoms to the molecule moved in opposite directions

of the intercalated molecule by almost 0.2 A.
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Figure 8: Band structures of pristine AA-stacking (a) and AB-stacking bilayer (b),

TTF (c) and TCNE (d) intercalated into an AA-bilayer graphene, while (e) and (f)
panels are for intercalated AB-bilayer systems.

Interestingly, TTF looses 0.18 e to the two layers; meaning that for each layer,
the charge transfer value is equal to the one observed in the monolayer case, for AA-
stacking, while the AB-bilayer obtains 0.19¢ from the TTF molecule. TCNE gets
0.61e from the AA-bilayer. Same value is yielded for the AB-stacking system. Each
layer contributes less than in the isolated situation probably due to a saturation of the

molecular electronic density. The effect of the doping is visible in the BSs shown in



Figure 8(c) and (d). Energy bands at low energies near K/K' are still linear dispersed,
which are different from electronic structure of a pair of coupled graphene MLs.%
This is due to the large interlayer distance that decouples the layers due to
electrostatic effect, since each ML is now charged. Therefore, the intercalation of
molecules into AA-stacking or AB-stacking makes almost no difference in the BS’s.
Indeed, the two possible bilayer have nearly the same binding energy®*®> and band
structure®® when the interlayer spacing is greater than 4 A, when they decouple. A
resulting downshift of 0.17 eV for Fermi level is observed in the case of TCNE

intercalation, an upshift of 0.29 eV in the case of TTF.

4. Conclusion

Adsorption of the two electron donor/acceptor molecules does not cause
significant structural distortion in the honeycomb carbon network of a graphene
monolayer. Nevertheless slight buckling has been observed in the two-side adsorption
mode or in the intercalation of TCNE or TTF molecules. Interestingly there is no
evidence of chemical bond’s formation between the two organic molecules and the
graphenic nanostructures. It means that the interaction is physisorption mainly, which
reveals the fundamental role played by van der Waals’ forces. Indeed a good
description of these weak interactions are mandatory in such hybrid systems, since to
yield a correct charge transfer, a correct equilibrium distance is needed, due to charge
image effect. Since standard semi-local functionals usually provide too large
distances, one can expect an underestimation of the charge transfer. That’s also why
LDA which usually provides too small equilibrium distances, tends to overestimate

CT. Non-covalent doping either by holes of electrons have been reported and



rationalized by a simple model, in the case of graphene monolayer and bilayer.
Basically, thanks to a simple model of CT through an organic/metal interface, based
on derived HOMO or LUMO states, the capability of molecules to dope graphene
ML.

We have shown that it is possible to control the carrier type and concentration
in graphene by adjusting of dopant’s type, concentration and adsorption modes. At
low concentration, p-doping of graphene is already efficiently realized by TCNE
molecules, while n-doping is one order in magnitude less important when a graphene
ML interacts with TTF molecules. Mind that an increase of the doping is observed, by
means of CT value increase, when the concentration is increased. This statement is in
good agreement with experimental works, in which it is usually indirectly observed
by shifts in Raman spectroscopy. In the case of TTF molecules, two-side adsorption
mode provides better CT than one-side adsorption mode. Moreover intercalation of
acceptor/donor molecules decouples the two layers but also dope them.

It could be interesting to study extensively the effect of curvature, with respect
to the charge transfer, since the sp® character of C atoms is pronounced in small
diameter nanotubes while one should recover graphene behavior for very large
diameter SWNTs. Moreover, since work-functions of semi-conductor tubes are
different from metallic ones up to a certain threshold value," one can expect
variations of CT with different chiral indexes for tubes presenting small diameters.

Works are in progress in this direction.
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