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S
urface functionalization via molecular
self-assembly is a potentially useful
technique for tuning the properties of

graphene layers.1�3 Previous studies have
shown that functionalization via tetrafluoro-
tetracyanoquinodimethane (F4TCNQ) ad-
sorbates is particularly effective at p-doping
graphene4�7 (as well as other substrates8�13)
through the transfer of electrons from the
substrate to the adsorbed molecules. These
studies, however, were performed using
spatially averaged techniques and so were
not able to determine local molecular self-
assembly characteristics. Locally resolved
scanning tunneling microscopy (STM) mea-
surements of F4TCNQ molecules depos-
ited onto graphene/Ru(0001) also indicate
charge transfer of electrons from graphene
to F4TCNQ and provide some structural
information.14 These measurements reveal
that F4TCNQ molecules on graphene/metal
do not assemble into islands, but rather

repel each other due to interaction between
their electronegative outer atoms14,15 (in
contrast to F4TCNQ adsorption on bare
metal surfaces, which induces significant
rearrangement of surface atoms16,17). How-
ever, because the graphene used in these
previous STM measurements was sup-
ported by a bulk metal, it created a highly
screened environment where long-range
Coulomb interactions are damped. The local
behavior of charged molecules on a poorly
screened graphene surface that supports
long-range Coulomb interactions has not
been explored.
Here we report a combined STM, non-

contact atomic force microscopy (nc-AFM),
and theoretical investigation into the self-
assembly characteristics of F4TCNQ mole-
cules on a graphene substrate supported by
insulating hexagonal boron nitride (BN).
This provides a nearly ideal setting to study
molecular self-assemblyon isolatedgraphene
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ABSTRACT We report a scanning tunneling microscopy and noncontact atomic force microscopy

study of close-packed 2D islands of tetrafluoro-tetracyanoquinodimethane (F4TCNQ) molecules at the

surface of a graphene layer supported by boron nitride. While F4TCNQ molecules are known to form

cohesive 3D solids, the intermolecular interactions that are attractive for F4TCNQ in 3D are repulsive

in 2D. Our experimental observation of cohesive molecular behavior for F4TCNQ on graphene is thus

unexpected. This self-assembly behavior can be explained by a novel solid formation mechanism that

occurs when charged molecules are placed in a poorly screened environment. As negatively charged

molecules coalesce, the local work function increases, causing electrons to flow into the coalescing

molecular island and increase its cohesive binding energy.

KEYWORDS: molecular self-assembly . graphene . hexagonal boron nitride (BN) . scanning tunneling microscopy (STM) .
noncontact atomic force microscopy (nc-AFM) . density functional theory (DFT)
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in a poorly screened environment as BN is a wide-
band-gap insulator that only weakly interacts with
graphene.18�21 We observe that, unlike previous mea-
surements of F4TCNQ on graphene supported by
metals, F4TCNQ molecules on graphene/BN assemble
into tightly packed 2D islands. This unexpected result
can be explained by a unique self-assembly mechan-
ism that is based on heterogeneous lateral charge
transfer driven by local work function differences.

RESULTS AND DISCUSSION

F4TCNQ molecules (Figure 1a) were deposited onto
graphene/BN in ultrahigh vacuum (UHV) using a Knudsen
cell evaporator. Molecular deposition was performed
while electrically grounding the graphene layer at
room temperature. The sample was then cooled to
4.5 K and imaged with both STM and nc-AFM using a
CO-molecule-functionalized tip. The nc-AFM, which de-
tects the frequency shift of a qPlus resonator in constant
height mode, allows high-resolution imaging of indivi-
dual chemical bonds and atomic-scale structure.22,23

At low molecular coverage (below 0.1 monolayer
(ML)), themajority of molecules deposited on graphene
are isolated and typically separated from each other by
more than 4 nm, as shown in the STM topographic
image in Figure 1b. This observation is consistent with
earlier studies of F4TCNQ deposited onto graphene/
metal.14,15 However, at higher coverage (above 0.2 ML),
we observe thatmolecular adsorbates can coalesce into
close-packed islands (Figure 2a, larger scale STM images
can be found in Figure S1). High-resolution nc-AFM
imaging (Figure 2b) shows that F4TCNQ molecules
within such islands are oriented in a planar rectangular
geometry parallel to the underlying graphene (the
molecular island unit cell is 1.25 ( 0.03 nm � 0.78 (
0.03 nm). Molecular packing in the island is about
50 times denser than when the molecules are isolated
at 0.1 ML coverage. Faint lines observed between adja-
centmolecules are likely causedby tiltingof theCOmole-
cule at the tip apex, as described in previous work.24,25

We now discuss the mechanism for F4TCNQ island
assembly in 2D. We first used density functional theory
(DFT) to confirm the known 3D crystal structure of bulk
F4TCNQ. Our calculation agrees well with the crystal
structure determined previously using X-ray diffrac-
tion26,27 and reveals a large binding energy between
molecular units in the 3D bulk crystal (1.6 eV per mole-
cule, as shown in Figure 3a). A natural assumptionwould
be that the same attraction mechanism that works for
the bulk (driven by electrostatic and van der Waals
interactions) is responsible for the formation of self-
assembled 2D islands. To test this assumption, we used
DFT to calculate the total energy of F4TCNQmolecules in
the absence of a substrate constrained to the same 2D
planar geometry thatwe observed in our nc-AFM images
(Figure 2b). Surprisingly, we found that the calculated
interaction betweenmolecules under these conditions is

repulsive rather than cohesive. This can be seen in
Figure 3b, which shows the total energy per molecule
of a 2D island as a function of intermolecular distance.
This curve exhibits a negative energy-vs-distance slope,
thus implying that 2D island formation is energetically
unfavorable for F4TCNQ under these conditions.
This result indicates that the graphene substrate

must play an important role in 2D island formation
for F4TCNQ molecules. In order to understand the
effect of the graphene substrate, we performed an
ab initio DFT calculation of the total energy of a 2D
F4TCNQ island supported by a single layer of graphene
(i.e., homogeneous molecular coverage in a periodic
array). Inclusion of graphene in the simulation results in
partial electron transfer from the graphene to the
F4TCNQ molecules. Each molecule in an island thus
forms an electric dipole with the electron-depleted
patch of graphene directly underneath the molecule
(the dipole points down into the plane). The result-
ing dipole�dipole interactions between neighboring
molecule�graphene complexes are repulsive and island
formation becomes even less favorable than without
graphene, as seen in the calculated energy-vs-distance
curve of Figure 3c. Despite this repulsion, electron
transfer from graphene into the molecules results in
very strong binding of the molecules to the graphene
(more than 1.8 eV per molecule, as shown in Figure 3c).
The calculations discussed so far were performed

under fixed-electron-number conditions, a common
constraint for DFT calculations. However, in a real
molecular island surrounded by pristine graphene,
the total number of electrons per molecule is not
necessarily constant since island formation creates
work function heterogeneity and leads to lateral trans-
fer of screening charge (i.e., electrons flow from low
work function areas to regions having higher work
function28�30). As a result, the real experimental sys-
tem is better described within a fixed-electrochemical-
potential picture. Here the electrically grounded gra-
phene sheet surrounding the island acts as an electron
reservoir at fixed electrochemical potential.

Figure 1. (a) Chemical structure of the F4TCNQ molecule.
(b) STM topography of F4TCNQ molecules deposited onto
graphene/BN at low coverage (below 0.1 monolayer). Inset
shows close-up view of a single F4TCNQ molecule. STM
tunneling parameters are Vs = 2 V, It = 5 pA, and T = 4.5 K.
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While ab initio techniques cannot directly treat this
case of a large island surrounded by pristine graphene
(as pictured in Figure 2a), they can be used to treat
homogeneous systems having different overall elec-
tron density and work functions. We can thus model
the real heterogeneous (i.e., not periodic) system by
comparing different homogeneous (i.e., periodic) sys-
tems with varying work functions. We applied this
technique by simulating homogeneous systemswhere
graphene was subjected to different molecular cover-
ages and where the overall charge carrier density was
varied by hand (each individual calculation had a fixed
number of electrons). This provides a method for
taking into account the fact that (since F4TCNQ mole-
cules p-dope graphene) the local work function in-
creases as islands assemble, thus causing electrons to
flow into an island as molecules are packed more
densely (in order to keep the electrochemical potential
constant).
To illustrate this technique, we performed two se-

parate DFT calculations of the work function above
F4TCNQ molecules on graphene as a function of inter-
molecular separation (shown in Figure 4a), each with a
different number of charge carriers. In the first calcula-
tion (black curve) eachmolecule�graphene complex is
charge neutral. In the second calculation (red curve)
each complex has an excess of electrons that are

allowed to redistribute within the entire molecule�
graphene assembly until reaching the ground state
(one extra electron per each 36 carbon atoms in
graphene, roughly one extra electron per molecule at
full coverage). Here the vacuum energy above the
island is set to zero, and so the work function is
equivalent to the negative of the electrochemical
potential. As expected, the work function above an
island strongly increases for both the neutral and
charged cases as the molecules are brought closer to
eachother (a similar dependence has been foundearlier
and was assigned to depolarization effects31,32). The
work function in the charged case is overall lower
compared to the neutral case, reflecting the increase
in electrochemical potential that occurs as carrier den-
sity of the molecule�graphene complex is increased.
Figure 4b shows the calculated total energy of the

F4TCNQ molecules vs molecule�molecule separation
for the same neutral and doped systems. The neutral
case is identical to what is shown in Figure 3c and
results in overall binding of the molecules to graphene
(negative energy) but an increasing energy with in-
creased molecular density. For the doped case we see
similar behavior, except that there is a net decrease
in the total energy, reflecting the increased binding
energy of the molecule�graphene complex as elec-
trons are added to the system.

Figure 3. Calculated total energy per F4TCNQmolecule as a function of the shortest distance betweenmolecules for (a) a bulk
molecular crystal, (b) an isolated,flat 2Dmolecular island having the same structure as in Figure 2b, and (c) the same as (b) but
with a graphene substrate.

Figure 2. (a) STM and (b) nc-AFM images of an F4TCNQ 2D island on graphene/BN. The nc-AFM image resolves individual
chemical bonds within the F4TCNQ molecules and shows that molecules within the island lie flat on the surface in a close-
packed rectangular lattice. STM tunneling parameters are Vs = 2 V, It = 5 pA, and T = 4.5 K. AFMmeasurement parameters are
f0 = 28.7 kHz, amplitude = 60 pm, Q = 105, and T = 4.5 K.
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The origin of the attractive force driving island
assembly of charged molecules on isolated graphene
can be deduced from the curves shown in Figure 4.
To see this, it is useful to imagine F4TCNQmolecules on
a graphene surface with a particular fixed hypothetical
electrochemical potential, as indicated by the green
line (the island formation mechanism is not sensitive
to the precise value of the electrochemical potential).
To achieve this particular electrochemical potential at a
large intermolecular distance as indicated by point B in
Figure 4a, the island has to be charge neutral since the
green line crosses the neutral-island configuration
(black line) at B. However, at a shorter intermolecular
distance (point A) the island has to absorb excess elec-
trons from the reservoir and becomes charged (red
line) in order to achieve the same electrochemical
potential as at B (as required by thermodynamic
equilibrium). Since the total energy of a molecule�
graphene complex is lower at the corresponding
charge state and distance of A than at B (Figure 4b),
we conclude that within a fixed electrochemical
potential picture it is energetically favorable for the
molecules to be closer to each other and to form a
stable island (this can also be seen from the positive
energy-vs-distance slope of the line connecting point A
to point B in Figure 4b).
The island cohesion mechanism demonstrated in

Figure 4 for fixed electrochemical potential can intui-
tively be understood as follows: as negatively charged

molecules coalesce into an island, there is an increase
in the local work function above the island (Figure 4a)
that causes additional electrons to flow into the island.
These additional electrons cause the total energy of the
molecule�graphene complexes to decrease (Figure 4b),
resulting in island cohesion. This mechanism is not
applicable to adsorbates on highly metallic substrates
because of the high density of states in these substrates
compared to graphene. In these systems electric fields
induced by charge transfer are screened, and charge
transfer induced by work function differences does not
lead to reduced total energy. This explains why close-
packed island formation has not been seen for F4TCNQ
molecules adsorbed onto graphene/Ru(0001).14

CONCLUSIONS

In conclusion, we find that F4TCNQ molecules
aggregate into close-packed islands on graphene/
insulator, unlike their behavior on graphene/metal.
This behavior is explained by a new type of island
formation mechanism driven by lateral charge screen-
ing induced by long-range Coulomb interactions.
We expect this island formation mechanism to apply
to other molecular adsorbate systems that exhibit
charge transfer in poorly screened environments. For
such systems the work function above deposited
molecules will strongly vary with intermolecular dis-
tance, causing additional charge transfer and in-
creased binding as island density increases.

METHODS
The graphene/BN sample was fabricated using a graphene

monolayer grown via CVD on copper foil.33 Hexagonal boron
nitride flakes were exfoliated onto heavily doped silicon wafers
covered by a 285 nm thermal oxide, and graphene was trans-
ferred on top of the BN using a poly(methyl methacrylate)
(PMMA) stamp.34 Electrical contact was made to the graphene
by depositing Ti (10 nm thick)/Au (30 nm thick) electrodes using
a stencil mask technique. F4TCNQ molecules were evaporated
from a Knudsen cell held at 90 ( 5 �C onto a graphene/BN
surface held at room temperature (island formation was facili-
tated by predeposition of a very dilute, inert seed layer to act
as surface nucleation points, e.g., via low coverage of 10,12-
pentacosadiynoic acid (PCDA)). STM/nc-AFM imaging was
done in a qPlus-equipped commercial Omicron LT-STM/AFM

at T = 4.5 K using tungsten tips. WSxM software was used to
process all STM and nc-AFM images.35

We performed first-principles density functional theory calcu-
lations using a Quantum-ESPRESSO package.36 All calculations
used the PBE exchange�correlation functional with a van der
Waals correction (vdW-DF237). We used ultrasoft pseudopoten-
tials from the GBRV database38 with 40 and 200 Ry kinetic
energy cutoffs for wave function and charge density, and our
Brillouin zone sampling is equivalent to 24 � 24 points in the
graphene primitive unit cell. Electron doping was achieved in
the simulations by creating carbon pseudopotentials with a
noninteger core charge to compensate for an energy diver-
gence in the case of an infinite island.

Conflict of Interest: The authors declare no competing
financial interest.

Figure 4. (a) Calculated work function relative to the vacuum level above an F4TCNQ molecular assembly on graphene as a
function of the shortest distance between molecules for both the neutral case (black line) and the electron-doped case (red
line). (b) Calculated total energy per F4TCNQmolecule on graphene as a function of the shortest distance betweenmolecules
for both the neutral case (black line) and the electron-doped case (red line). Green line shows hypothetical constant
electrochemical potential (see text).
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