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We investigate the atomic structure and electronic properties of monolayers of copper phthalocya-
nines (CuPc) deposited on epitaxial graphene substrate. We focus in particular on hexadecafluoroph-
thalocyanine (F16CuPc), using both theoretical and experimental (scanning tunneling microscopy –
STM) studies. For the individual CuPc and F16CuPc molecules, we calculated the electronic and op-
tical properties using density functional theory (DFT) and time-dependent DFT and found a red-shift
in the absorption peaks of F16CuPc relative to those of CuPc. In F16CuPc, the electronic wavefunc-
tions are more polarized toward the electronegative fluorine atoms and away from the Cu atom at the
center of the molecule. When adsorbed on graphene, the molecules lie flat and form closely packed
patterns: F16CuPc forms a hexagonal pattern with two well-ordered alternating α and β stripes while
CuPc arranges into a square lattice. The competition between molecule-substrate and intermolecu-
lar van der Waals interactions plays a crucial role in establishing the molecular patterns leading to
tunable electron transfer from graphene to the molecules. This transfer is controlled by the layer
thickness of, or the applied voltage on, epitaxial graphene resulting in selective F16CuPc adsorp-
tion, as observed in STM experiments. In addition, phthalocyanine adsorption modifies the elec-
tronic structure of the underlying graphene substrate introducing intensity smoothing in the range of
2–3 eV below the Dirac point (ED) and a small peak in the density of states at ∼0.4 eV above ED .
© 2011 American Institute of Physics. [doi:10.1063/1.3590277]

I. INTRODUCTION

The interaction between organic molecules and solid sur-
faces plays a central role in many technologically impor-
tant applications such as molecular electronics, organic so-
lar cells, and biosensors. For instance, organic solar cells are
based on organic molecules and their interfaces with solid
electrodes and have attracted growing attention due to their
potential applications in low cost, environment friendly and
flexible large-scale photovoltaic devices. Their energy con-
version efficiency depends sensitively on the interface struc-
ture and electronic coupling between molecules and the elec-
trode surface and between organic layers, and has increased
significantly over the past decades due to the invention of
donor-acceptor heterojunctions.1–4 Much current research has
focused on understanding and controlling the interactions at
the organic/inorganic interface,5–8 with a great deal of effort
devoted to growing high-quality organic thin films by ma-
nipulating molecular orientation on solid substrates in order
to enhance light absorption, control the type and concentra-
tion of interface carriers, and improve electron transfer at the
interfaces.9–13

a)Author to whom correspondence should be addressed. Electronic mail:
smeng@iphy.ac.cn.

Phthalocyanines (Pc’s) and their derivatives, a class of
aromatic compounds and a major component in various types
of organic solar cells, have received much attention over the
past decade. Pc molecules not only absorb in the red region
of the solar spectrum, but are also highly stable organic semi-
conductors, which makes them suitable for energy conversion
in organic solar cells. Copper phthalocyanine (CuPc) is often
used as an electron-donor material in contact with materials
that have high electron affinity such as the fullerene C60.14, 15

A sizable charge transfer occurs from metal substrates such
as Al, to CuPc at the metal-organic interface,16, 17 while lit-
tle charge transfer was observed at the interface between
CuPc and highly oriented pyrolytic graphite (HOPG).18, 19

In contrast, a thin film of copper hexadecafluorophthalocya-
nine, F16CuPc, is a promising n-type π -conjugated organic
semiconductor15, 20 employed as an electron acceptor. Novel
devices based on a CuPc/F16CuPc p−n heterojunction have
been fabricated for photovoltaic applications.21

Graphene, an atomically flat two-dimensional single-
layer of C atoms arranged in a honeycomb lattice, has
emerged as a promising material for next generation elec-
tronic devices due to its interesting physical properties.22–24

With the rapid development of graphene technology in the
past few years, high-quality large-scale graphene films can be
produced and the carrier type and concentration in graphene
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can be precisely controlled.23 Therefore, it is highly promis-
ing to use graphene and its derivatives in organic solar cells as,
for example, a nanoscale electrode,25 to assist donor/acceptor
molecular assembly and carrier transfer. In addition, as a sin-
gle atomic layer of carbon atoms, graphene is the simplest
model to explore the interactions between layers of organic
molecules and the electrode surface in thin-film based de-
vices.

The interaction between Pc molecules and inorganic sur-
faces, including the single-crystal metal surfaces Cu(111),
Au(111), and Ag(111),12, 26–29 HOPG,30, 31 and the insulating
oxide surface SiO2 (Refs. 32 and 33) has been intensively in-
vestigated. Most of the previous works focused primarily on
experimental studies of the interface structure and molecu-
lar orientations. Recently, Wang et al.34 have employed scan-
ning tunneling microscopy (STM) techniques to study the
adsorption of F16CuPc molecules on monolayer and bilayer
epitaxial graphene (EG) grown on a SiC substrate and ob-
served well-ordered phases of incommensurate Pc islands.
Here we investigate the structure of a Pc layer on EG at the
atomic level and the nature of the interaction between the Pc
molecules and EG, which are important in order to understand
the charge transfer mechanisms at the organic/inorganic inter-
face in molecular electronic devices and solar cells.

We use first-principles calculations based on density
functional theory (DFT) and time-dependent DFT (TDDFT)
to compare the electronic and optical properties of isolated
CuPc and F16CuPc molecules. We then investigate possi-
ble configurations of CuPc and F16CuPc molecule on the
graphene surface. After optimizing the structures, we found
that Pc molecules are physisorbed on EG, lying flat to form
well-ordered hexagonal (F16CuPc) or square lattices (CuPc).
A small amount of charge transfer from the EG to the Pc
layer occurs upon adsorption; more importantly, the amount
of charge transfer can be controllably tuned by the thick-
ness of EG layers or the applied voltage on graphene, which
results in the observed selective adsorption on monolayer
graphene. F16CuPc exhibits a stronger polarization effect at
the Pc/graphene interface than CuPc. Local electronic fea-
tures in the range of 2–3 eV below and 0.4 eV above the
Dirac point (ED) are identified and compared to experi-
ment, revealing the modification of the electronic structure of
graphene due to Pc adsorption. The simulated STM images,
optical spectra and molecular orbital alignments agree well
with available experimental results. All these findings point
to the possibility of controlling the adsorption structure and
the amount of charge transfer from the substrate to the molec-
ular layer at the organic/graphene interface which constitutes
a novel approach to interfacial structure engineering and car-
rier control, in essence achieving controlled doping without
chemical substitution.

II. METHODS

The first-principles calculations were performed with the
SIESTA code35 and the Vienna ab initio simulation pack-
age (VASP),36 in the framework of DFT. The supercell with
periodic boundary conditions is composed of graphene and
the monolayer of Pc molecules, with a C-C bond length of

1.42 Å and a vacuum layer exceeding 14 Å. For CuPc, we
adopted an almost square lattice, with a graphene supercell
(1, 5) × (4, 3), containing 78 carbon atoms per unit cell (UC).
Here, (n, m) denotes a vector which is a sum of n and m
multiples of the two primitive lattice vectors of the graphene
lattice. The almost square lattice vectors are 13.69 Å and
14.96 Å, respectively, at an angle of 86◦. This is the closest
to a square cell that can be constructed as a supercell of the
graphene lattice to match experimental observations of Pc on
graphite.37 For the uniform F16CuPc layer, we adopted two
almost hexagonal lattices to simulate two distinct arrange-
ments of the molecules with respect to the graphene substrate:
(1) The first has the Pc-Pc axis along the armchair direction
of graphene and (3, 4) × (4, 3) lattice vectors which have a
length of 14.96 Å at an angle of 69◦; this unit cell contains
80 carbon atoms per UC and is consistent with experimental
observations34 in this structure. (2) The second has the Pc-Pc
axis along the zigzag direction of graphene, and lattice vectors
(6, 0) × (6, 1), which are 14.76 Å and 16.13 Å, at an angle of
68◦; this unit cell includes 84 carbon atoms and is used for
comparison. For the non-uniform F16CuPc layer, a unit cell
with lattice vectors (3, 4) × (8, 6) is used to simulate the al-
ternating α and β stripes, containing two F16CuPc molecules
per UC.

In the SIESTA calculations, we use pseudopotentials
of the Troullier-Martins type38 to model the atomic cores,
the Ceperley-Alder form of the local density approximation
(LDA) as the exchange-correlation functional,39 and a local
basis set of double-ζ polarized orbitals (13 orbitals for C, N,
F, and O and 5 orbitals for H). Since van der Waals (vdW)
forces are important for such weakly interacting systems, we
also use vdW-density functionals (vdW-DF) of the Lunqvist-
Langreth type40 for typical binding configurations. VdW-DF
has been implemented in the SIESTA (Ref. 41) code by fac-
torizing the integration kernel and using fast Fourier trans-
forms to evaluate the self-consistent potential in O(N log(N ))
operation steps. Although there are other choices of function-
als for dealing with dispersion interactions, the vdW-DF for-
mulation of such interactions has proven successful in deal-
ing with layered or sparse structures and more general ge-
ometries in which van der Waals interactions dominate; in
particular it corrects binding energies which are usually un-
derestimated in local/semi-local functionals.42 Moreover, the
computation of dispersion interactions using this functional
has reasonable computational cost, making it a practical op-
tion for studying relatively large systems as is the case in
the present work. Although LDA systematically underesti-
mates the binding energy for van der Waals dominated sys-
tems, it provides qualitatively correct energy differences and
trends for interactions. An auxiliary real space grid equiva-
lent to a plane-wave cutoff of 120 Ry is employed in the cal-
culation and spin polarization is taken into account. The �

point is used to optimize the structure, and a k-point mesh of
(8 × 8 × 1) in the Monkhorst-Pack sampling scheme is used
to analyze the relevant electronic properties for the unit cell
of the Pc/graphene system. For geometry optimization, the
atomic structure is considered fully relaxed when the magni-
tude of forces on the atoms is smaller than 0.04 eV/Å. The
basis-set superposition error is excluded in the adsorption
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energies. The optical absorbance spectra is calculated from
TDDFT in the linear response regime,43 by propagating the
wave functions for 6107 steps in time with a time step of
3.4 × 10−3 fs, which gives an energy resolution of 0.1 eV.
The perturbing external field is 0.1 V/Å. The Heyd-Scuseria-
Ernzerhof (HSE) hybrid functional44, 45 implemented in the
VASP code was also used for the calculation of electronic
states in the isolated molecules. In these VASP calculations,
we used a plane-wave energy cut-off of 400 eV, a single k-
point (�) for reciprocal-space sampling since the molecules
are well isolated from their periodic images in a large unit
cell of size (20 × 20 × 10) Å3, and the projector-augmented
wave (PAW) pseudopotentials46 to represent the atomic cores.
The atomic geometry obtained from the VASP calculation with
the HSE functional is very similar to that obtained from the
SIESTA calculation with the LDA functional. For instance,
the average Cu-N (C-F) bond length in F16CuPc is 1.967 Å
(1.330 Å) in the VASP calculation and 1.944 Å (1.328 Å)
in the SIESTA calculation. A detailed comparison of atomic
geometries as obtained by the HSE and LDA functionals is
beyond the scope of the present work; such a comparison for
similar systems can be found in Ref. 47.

The experiments were performed in a Unisoku ultra-
high vacuum low-temperature scanning tunneling microscopy
system, which is equipped with a molecular beam epitaxy
chamber for in situ sample preparation. EG was prepared
on nitrogen doped 6H-SiC(0001) substrate using solid state
graphitization. Coexisting monolayer EG (MEG) and bi-
layer EG (BEG) surfaces were formed at the graphitiza-
tion temperature T = 1600 K, on which F16CuPc molecules
were deposited. F16CuPc molecules (Sigma-Aldrich) were
evaporated from a Knudsen cell onto EG at room temper-
ature. The deposition flux rate was 0.01 ML/min. Here, 1
ML is defined as the surface coverage of the most closely
packed F16CuPc monolayer. From the STM images dis-
cussed below, we can estimate that the molecular coverage
in the closely packed F16CuPc islands is (108 Å)2/cm2/(15 Å
× 16Å × sin(72◦)) � 4 × 1013 molecules/cm2. STM mea-
surements were performed at 4.8 K in the constant current
mode using electrochemically etched polycrystalline W tips.

III. RESULTS AND DISCUSSION

A. Isolated phthalocyanines

We first investigate the structural and electronic proper-
ties of isolated Pc molecules. We considered the two typical
semiconducting phthalocyanines: CuPc (Fig. 1, top) for p-
type and F16CuPc (Fig. 1, bottom) for n-type semiconductors
adopted in organic solar cells. The only difference of the two
Pc molecules is that all H atoms in phenyl group of CuPc are
substituted by F atoms to form F16CuPc. Both molecules are
planar structures and have four-fold symmetry. The average
bond length of the four Cu-N bonds is 1.944 Å in CuPc and
1.946 Å in F16CuPc. The former is in agreement with
the experimental value of 1.935 Å with a standard devi-
ation of 0.005 Å, as obtained from the x-ray diffraction
measurements.48 The diagonal distance between the two
outmost F atoms in F16CuPc is 15.47 Å, 0.43 Å longer than

FIG. 1. Atomic structures of the isolated CuPc (top panel) and F16CuPc (bot-
tom panel) molecules, and the corresponding charge density contour at 0.001
e/Å3 for the HOMO and LUMO states. C, H, F, N, and Cu atoms are denoted
as green, white, pink, blue, and orange spheres, respectively.

the relevant H-H distance in CuPc (15.04 Å), because C-F
bonds (1.33 Å) are longer than C-H bonds (1.11 Å). Figure 1
shows the electron density of the highest occupied molecu-
lar orbitals (HOMO) and lowest unoccupied molecular or-
bitals (LUMO) for the CuPc and F16CuPc molecules. For
both molecules, there is a hole in the HOMO center, and the
electron distribution is localized in the four pyrrole-like sub-
units and phenyl rings (Fig. 1, left panels). A small amount
of electrons are distributed on all F atoms in the F-substituted
phenyl group of F16CuPc molecule because of the large elec-
tron affinity of F. The LUMO (right panels of Fig. 1) are de-
localized and distributed on the whole molecule. The major
difference between the HOMO and LUMO charge densities
is that the N atoms on the periphery of the square do not con-
tribute to the former but have a major contribution to the latter
for both molecules. It is worth pointing out that the LUMO
of F16CuPc has more charge at the central Cu position than
the HOMO; CuPc does not show obvious contrast between
HOMO and LUMO at the central Cu position. This is consis-
tent with experimental STM images.30

Since they serve as major light-absorbers in organic so-
lar cells, we calculate the optical properties of these two
molecules using TDDFT based on linear response; the ab-
sorbance spectra are shown in Fig. 2. The optical spectra
not only help us to understand their sunlight-harvesting prop-
erties but also provide a more accurate description of the
electronic structure, for instance, by correcting the underes-
timated band-gaps in LDA. In Fig. 2, it is evident that both Pc
molecules exhibit two major absorption peaks (Q-band and
B-band) in the UV-visible light region. For CuPc, the first
peak (Q-band) is at 624 nm and the second one (B-band) at
328 nm with a shoulder at 594 nm. The shoulder is weak and
less prominent than other absorption features but could be
enhanced if the spectrum resolution is improved. Neverthe-
less, the obtained absorption spectrum is in good agreement
with the experimentally measured UV-visible spectra, with
the Q-band at 657 nm, the B-band at 325 nm, and a small
shoulder at 600 nm.49 In addition, our results show small
absorption peaks at 399 nm and 356 nm between the Q and B
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FIG. 2. UV-visible spectra of CuPc and F16CuPc molecules calculated
from TDDFT. The two vertical gray lines show the absorption position and
rescaled amplitudes of CuPc in the experimental spectrum (Ref. 49). The let-
ters denote the absorption bands of CuPc (see text for details).

bands, which are missing in experiment because of the res-
olution limit. For the F16CuPc molecule, three absorbance
bands show up at 693 nm, 446 nm, and 346 nm, respec-
tively. Apparently, they are red-shifted from the correspond-
ing values for CuPc. The red-shift of 0.2 eV of the Q-band
is consistent with the band-gap narrowing observed in op-
tical measurements going from CuPc (1.7 eV) to F16CuPc
(1.5 eV).15 A red-shift of 0.23 eV is also observed in CuPc
and F16CuPc thin-films despite the presence of intermolecular
interactions.50

To elucidate the nature of the absorption bands, we an-
alyze the electronic structure of both Pc molecules. The
electronic energy levels as well as typical wavefunctions of
F16CuPc are presented in Fig. 3. In LDA, the HOMO states
are composed of two degenerate a1u orbitals (combination of
2pz orbitals of C and F atoms), and a b1g↑ orbital (combi-
nation of 3dx2−y2 orbitals of Cu atom and 2s, 2px , and 2py

orbitals of N atoms). The LUMO states are composed of one
b1g orbital with the same symmetry as b1g↑, and four degen-
erate eg orbitals (combination of 2pz orbitals of C, N, and F
atoms, and 3dyz and 3dxz orbitals of Cu atoms). Therefore,
the HOMOs have mainly π bonding character, while in the

FIG. 3. Density of states (DOS) of the F16CuPc molecule: solid lines show
the LDA results and dashed lines show the corresponding HSE results. Black
lines and red lines (upper and lower panels) denote the spin-up and spin-down
components, respectively. The Fermi level is set to zero. Wavefunctions for
the HOMO and LUMO states are also displayed on the right, and labeled
according to their symmetry. The labels (1)-(4) identify the positions of these
states in the DOS diagram.

LUMOs the antibonding combination dominates. In compar-
ison with F16CuPc, the HOMO and LUMO orbitals of CuPc
have similar symmetry without electron distribution on the F
atoms, consistent with previous calculations.47 The Q-band
at 624 nm for CuPc and 693 nm for F16CuPc is attributed to
electronic excitations from HOMO to LUMO of the molecule,
and hence represents a π → π� transition. Furthermore, the
electronic band gap of F16CuPc is around 0.2 eV smaller than
that of CuPc, which accounts for the red-shift in UV-visible
spectra discussed earlier.

In order to obtain more accurate band alignments, we
also use the HSE functional (from the VASP code) to cal-
culate the density of states (DOS) for the system. Although
producing the same main features, the HSE functional modi-
fies the position of localized molecular orbitals obtained from
LDA calculations. In particular, it moves the b1g↑ orbital of
F16CuPc away from a1u orbitals to mix with the states of
lower energy, while it moves the b1g↓ orbital up in energy,
now located 0.7 eV above the eg LUMO states. Similar trends
apply to CuPc.47 The discrepancy between LDA and HSE
results lies in the inaccurate description of localized states
(b1g) in LDA, which contains a large self-interaction error for
such states. The HSE functional, by incorporating a fraction
of exact exchange at short distances, largely removes self-
interaction errors and corrects the energy of localized orbitals.
Consequently, for more delocalized a1u and eg orbitals, which
are dominant in the HOMO and LUMO states, HSE and LDA
yield very close energies due to smaller self-interaction er-
rors. Accordingly, LDA results for the frontier states in the Pc
layers on graphene should be reasonable, since those states
will be more delocalized due to intermolecular interactions
and molecule-substrate interaction.

B. Experimental observations

When F16CuPc molecules are deposited at room tem-
perature onto epitaxial graphene grown on SiC(0001), well-
ordered molecular self-assembly patterns form. Figures 4 and
5 show measured STM images of the F16CuPc/EG adsorp-
tion system. MEG and BEG coexists on the SiC substrate,

FIG. 4. Scanning tunneling microscopy (STM) images for F16CuPc
molecules adsorbed on monolayer epitaxial graphene (MEG) and bilayer epi-
taxial graphene (BEG). Selective adsorption on MEG is evident. Characteris-
tic STM images for the MEG, BEG,s and F16CuPc layers are also shown on
the sides, enlarged.
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whose STM images in Fig. 4 agree well with features from
other measurements of MEG and BEG in the literature.51, 52

Namely, although both demonstrate a (6×6) superstructure,
MEG shows a honeycomb structure while BEG displays a
triangular grid feature.51 Careful inspection of Fig. 4 clearly
shows that F16CuPc molecules prefer to adsorb on MEG
rather than BEG at low coverage: they form ordered close-
packed islands on the former while only scattered molecules
are found on the latter. Inside the islands, the molecules are
well-ordered and arranged into hexagonal-like patterns, with
hundreds of parallel rows (stripes) of F16CuPc of the same
orientation (dashed lines in Fig. 4, left panel). The pattern has
lattice constants of 15.1 Å×16.0 Å at an angle of 72◦. De-
tailed investigation shows the direction of the molecular rows
is roughly along the C-C bond direction (the armchair direc-
tion) of the underlying graphene substrate. Only two molec-
ular orientations appear among these rows with the molecu-
lar diagonal forming ∼60◦ and 27◦ angles with the row-axis.
They are named as α and β stripes, respectively. From
Fig. 4, we observe that the alternating αβ arrangement is
dominant (referred to as αβ phase), while there exist places
where α-rows are neighboring each other (referred to as αα

phase). Comparing them with the simulated STM images of
single F16CuPc, we found that the electron density in the LU-
MOs of F16CuPc is in excellent agreement with the experi-
mental measurement (see Fig. 5). Previous STM studies37 on
CuPc adsorption on graphite show a different pattern for CuPc
self-assembly, namely a square lattice with dimensions of
13.8 Å×13.8 Å. This is comparable with the molecular size
of CuPc discussed above.

C. Uniform phthalocyanine overlayers

We study next the adsorption of Pc on graphene using
our theoretical approach. We start from uniform phases of
F16CuPc and CuPc overlayers, that is, adsorption of a single
molecule per unit cell on the graphene substrate. This is
equivalent to simulating the αα stripes for F16CuPc and the
square lattice for CuPc. To match the experimental lattice
dimensions of 15.1 Å×16.0 Å observed in the STM image

FIG. 5. High-resolution STM images of ordered F16CuPc patterns on epi-
taxial graphene. Simulated STM image for F16CuPc from the LUMO charge
density is shown side-by-side (right panel) and overlaid onto the experimental
images (left panel).

in Fig. 4, we consider two possible supercells: in the first, the
supercell lattice vectors run along the armchair direction of
graphene (denoted as gra[(3,4)×(4,3)]), while in the second
the lattice vectors are along the zigzag direction (denoted as
gra[(6,0)×(6,1)]); the former is closer to what is observed in
experiment.

First, we vary the adsorption height and orientation of
F16CuPc with respect to the underlying graphene lattice to
find the optimal structure. Within the gra[(3,4)×(4,3)] super-
cell, the minimum-energy structure is obtained when F16CuPc
is located 3.08 Å above the EG surface and the azimuthal an-
gle is −9◦, defined as the angle between the molecular diago-
nal, coincident with the N-Cu-N axis, and the short diagonal
direction of the unit cell, shown in Fig. 6(a). This orientation
is very close to the experimental observation in Fig. 5. Sim-
ilarly, the optimized geometry in the gra[(6,0)×(6,1)] super-
cell has an adsorption height of 3.05 Å and azimuthal angle of
−19◦. In both cases, the central Cu atom is situated directly
above the site of a C atom in EG structure. Upon adsorption
on graphene, the molecular structure is slightly changed: the
adsorbed molecule deviates from the ideal planar structure,
with the N atoms around Cu being 0.04 Å higher and the pe-
riphery F atoms 0.10 Å lower than the central Cu atom. The
average Cu-N, N-C, and C-F bond lengths are 1.937 Å, 1.347
Å, and 1.327 Å, respectively, compared to the corresponding
values of 1.946 Å, 1.349 Å, and 1.328 Å in the gas phase.
However, the molecule is slightly distorted as indicated by a
shorter Cu-N bond length of 1.904 Å in one diagonal direc-
tion and a longer Cu-N bond length of 1.971 Å in the other di-
rection, which is due to geometric constraints imposed by the
artificial periodic boundary conditions. As a result, the molec-
ular size shrinks by 0.27 Å in the former diagonal direction.
The adsorption energy is defined as

Ea = (Etot − Egra − n × EPc)/n (1)

where Etot , Egra , and EPc is the total energy of the adsorp-
tion system, the energy of the isolated graphene substrate,
and the energy of gas-phase Pc molecule, respectively,
and n is the number of Pc molecules in the unit cell. The
adsorption energies are Ea = −3.19 eV and −3.17 eV
in the gra[(3,4)×(4,3)] and gra[(6,0)×(6,1)] supercells,
respectively, using vdW-DF functionals at adsorption height
of ∼3.4 Å. The interaction energy of 56 meV per atom is
in the same energy range of 35–60 meV/atom for graphite
exfoliation indicating that the Pc-graphene interaction is
mainly a dispersion force.53 Since the relative orientation of
the Pc overlayer with respect to graphene in gra[(3,4)×(4,3)]
is closer to the pattern observed in experiments,34 we focus
on this configuration in the following.

Figure 6(b) shows a contour plot of the adsorption poten-
tial energy surface of a single F16CuPc molecule on graphene
in the gra[(3,4)×(4,3)] unit cell. The area of the energy con-
tours corresponds to the black rectangular region marked in
Fig. 6(a). The dark blue region at (1.42, 0) Å and (0.71,
1.23) Å is both close to the site of a carbon atom in graphene,
and correspond to the highest binding energy of 3.19 eV in-
dicating the stability of this site for F16CuPc adsorption on
EG. Furthermore, between these two stable sites, Fig. 6(b) re-
veals a smooth diffusion pathway with a very small barrier
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FIG. 6. (a) The optimized configuration and (b) potential energy surface contours for the F16CuPc/gra[(3,4)×(4,3)] system. Graphene is shown as a gray sheet
to distinguish it from C atoms in the Pc molecule. The unit cell is described by a red parallelogram. The potential energy surface is calculated by using a (4×5)
grid sampling in the rectangular region marked in the lower right corner of (a).

of ∼0.16 eV for F16CuPc on EG. Hence the molecule could
diffuse freely on EG to find its most stable adsorption site.

On the basis of the optimized configuration,
we then investigated the electronic structure of
F16CuPc/gra[(3,4)×(4,3)]. The corresponding DOS of
the adsorption system (thick black solid line) as well as
that projected onto the Pc molecule (blue solid line) and the
graphene substrate (thin black solid line) are presented in
Fig. 7. The two features below and above EF in the total
DOS mainly come from the contributions of HOMO and
LUMO states of F16CuPc, which comprises two spin-up and
a spin-down orbital (for HOMOs), and two spin-up and three
spin-down orbitals (for LUMOs), respectively, as described
in Sec. III A. The HOMO and LUMO states are 0.93 eV
and 0.37 eV below and above EF , respectively, producing
a gap of 1.30 eV, which is smaller than the experimental
value (1.5–1.8 eV) (Ref. 15) and the HSE band-gap (1.7 eV);
the band-gap underestimation is typical in LDA. More
importantly, LUMO states of Pc in the adsorption system
have a non-zero occupation indicating a small amount of
electron transfer from graphene to F16CuPc. This is also
consistent with the fact that EF is 40 meV lower than the
Dirac point of EG.

FIG. 7. Total DOS (thick black solid line) and projected DOS on the Pc
molecule (blue solid line), on graphene (thin black solid line), upon F16CuPc
adsorption on graphene, and the DOS of the isolated graphene (black dashed
dotted line). The vertical dotted line shows the Fermi level.

In order to elucidate modifications in the graphene elec-
tronic structure upon F16CuPc adsorption, we compare the
projected DOS (PDOS) on graphene in the adsorption sys-
tem with that of isolated graphene (black dashed dotted line),
also shown in Fig. 7. The PDOS of EG shows two small fea-
tures at 0.65 eV (0.39 eV) below (above) the ED , and a major
smoothing effect for the peak in the range of 2–3 eV below
ED . This suggests that the electronic states of graphene
are redistributed upon F16CuPc adsorption. Experimen-
tally, an additional peak at 0.4 eV above ED is ob-
served in scanning tunneling spectroscopy (STS) of
graphene with adsorbed molecules34 consistent with the
features in Fig. 7.

To gain more insight into the electronic interaction be-
tween F16CuPc and graphene, we show in Fig. 8 the bonding
character and charge redistribution upon F16CuPc adsorption
by calculating the corresponding charge density differences
(CDD), defined as,

�ρ = ρtot − ρPc − ρgra (2)

where ρtot , ρPc, and ρgra are the charge density of the com-
bined system, isolated Pc molecule, and graphene with ge-
ometries fixed at the optimized ones in adsorption system.
From the calculated CDD, it is clear that pz orbitals of the Pc
molecule and EG are mainly involved (Fig. 8, top-right panel).
Furthermore, the charge redistribution generates an additional
layer of electrons between Pc and EG, yielding a dipole layer
pointing towards the Pc molecule. Integrating the charge den-
sity difference along the surface normal direction z suggests a
net amount of 0.08e charge transferred from EG to F16CuPc.
The majority of transferred charge is distributed around the
central Cu atom, the interfacial region below Cu atom, and
the F-substituted phenyl rings on the molecular periphery.
Meanwhile, electron depletion of pz orbitals and accumula-
tion in σ � orbitals in EG beneath the phenyl rings indicate a
charge redistribution in EG in the presence of F16CuPc, which
explains the changes in the graphene PDOS displayed in
Fig. 7.

The Dirac point is 0.39 eV (0.55 eV) below the EF

for BEG (MEG) in STS,34 which indicates a charging ef-
fect from SiC to EG. A charged graphene single-layer with
0.005e (0.01e) per carbon atom would have a higher EF by
0.4 eV and 0.6 eV from that of the neutral system (where EF
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FIG. 8. Top view and side view of the charge density difference for
F16CuPc/gra[(3,4)×(4,3)] (top panel) and CuPc/gra[(1,5)×(4,3)] (bottom
panel) at contour levels of 0.003 e/Å3. The light blue and red clouds cor-
respond to regions with electron accumulation and depletion, respectively.

and ED coincide). Therefore, we charge the gra[(3,4)×(4,3)]
unit cell, which contains 80 carbon atoms, by 0.4e and 0.8e,
respectively, to model the realistic electronic conditions of
BEG and MEG, representing the substrate charging effect of
SiC. The relevant EF shift with respect to the charges applied
in the system is presented in Table I. With the increase of
charge, EF gradually rises from −0.03 eV below ED (neu-
tral) to 0.34 eV above ED (−0.8e charged), while the LUMO
of Pc shifts only slightly towards higher energy with respect
to ED . Consequently, more electrons are transferred to the
Pc molecule from the charged EG. The PDOS of EG, how-
ever, is not influenced by the added charge. By integrating
the charge density difference along the surface normal direc-
tion, we find a net charge transfer of 0.32e (0.57e) from BEG
(MEG) to F16CuPc. Obviously, the negatively charged system
contributes to enhanced electron transfer and electron accu-
mulation in Pc molecules.

In Table I, we also summarize the amount of charge trans-
fer from EG to F16CuPc as a function of the thickness of epi-
taxial graphene layers and the corresponding voltage applied.
The table shows that, with the increase of EG thickness on
SiC or the decrease of negative voltage, the charge transfer
from graphene to physisorbed Pc can be continuously tuned.
This provides a simple method for controlling electron doping
into the organic conduction layer and the graphene at the in-
terface, avoiding the complications associated with chemical
reactions in chemical doping. The nonlinear trend further in-
dicates that this doping method, by varying layer thickness
and voltage in the physisorption system, is nontrivial. For

TABLE I. The calculated Fermi-level shift (�EF ) with respect to the Dirac
point of graphene and the corresponding charge transfer (�q) in the neu-
tral and charged systems. The Dirac point is set to zero. NEG denotes the
thickness of epitaxial graphene layers.

�q(e)

Experiment (V) Theory (e) NEG �EF (eV) F16CuPc CuPc

−0.6 − 0.8 1 0.34 0.57 0.59
−0.4 − 0.4 2 0.25 0.32 0.38
0 0 . . . − 0.03 0.08 0.14
. . . 0.4 . . . . . . − 0.06 − 0.06

completeness, we also include a case of positively charged
graphene, which can be achieved by applying positive volt-
ages on the graphene layer or depositing graphene onto sub-
strates with higher electron affinity.52 We find a reverse elec-
tron transfer of 0.06e from F16CuPc to graphene when a 0.4 V
positive bias is applied.

The tunable electronic coupling between F16CuPc and
graphene by charge transfer results in differences in adsorp-
tion structure. An interesting phenomenon observed in the
STM images (Fig. 4) is that ordered molecular islands are flat
and distributed on MEG rather than on BEG at low coverages.
This suggests two effects: (i) the molecule-substrate interac-
tion is stronger than the intermolecular interaction and (ii) the
interaction between the Pc molecule and MEG is stronger
than that of Pc and BEG. The selective adsorption behavior
of F16CuPc on MEG can be attributed to the fact that the lo-
cal DOS of MEG, with EF being 0.16 eV higher than ED , is
larger than that of BEG. Consequently, the stronger electronic
coupling of Pc and MEG explains the distribution of ordered
Pc islands on MEG. Our DFT calculations also show that the
adsorption energy of F16CuPc on MEG and BEG (modeled by
the charged substrate explained above) is 3.93 eV and 3.54 eV,
respectively. The energy difference of 0.39 eV, together with
the small diffusion barrier (0.16 eV), indicates that the Pc
molecule prefers to adsorb on MEG when deposited at room
temperature. This explains the experimental observation34

that no Pc is found on BEG at low coverage (<0.4 ML). An-
other observation is that F16CuPc molecules prefer to form
a flat monolayer rather than multilayered islands on EG. To
understand the energetically favorable molecular monolay-
ers, we calculate the stacking energy for a pair of F16CuPc
molecules with the top Pc rotated by 45◦ with respect to
the bottom one and at a distance of 3.18 Å. This configura-
tion produces the largest stacking energy equal to 2.46 eV.
This stacking energy is significantly lower than the adsorption
energy per molecule on MEG, by more than 1.0 eV, which
makes the stacked structure unstable.

For comparison, we also studied the adsorption of CuPc
on graphene. Figure 9(a) represents the calculated atomic
structure of the CuPc layers on graphene using the unit cell
of [(1,5)×(4,3)]. The lattice of adsorbed CuPc overlayer is al-
most square with dimensions of 13.69 Å×14.96 Å. The mea-
sured lattice constant in experiments31, 37 ranges from 13.8 Å
to 15.0 Å. The CuPc overlayer on graphene is more compact
than that of F16CuPc because of the smaller molecular size
(diagonal H-H distance of 15.04 Å for CuPc vs. diagonal F-F
distance of 15.47 Å for F16CuPc) and weaker H-H repulsion
than F-F repulsion between neighboring molecules. The most
stable adsorption configuration is still one in which the central
Cu atom of Pc is situated directly above the site of a C atom
of graphene, similar to F16CuPc adsorption on graphene. The
optimal orientation of CuPc in Fig. 9 is characterized by the
angle between the molecular diagonal direction and the super-
cell lattice vector, which is 27◦, in good agreement with the
value 24◦ measured in experiment.31, 37 The adsorption height
is 3.15 Å in LDA and the binding energy is 2.47 eV from
the vdW-DF calculation (height ∼3.4 Å), which is 0.72 eV
lower than that of F16CuPc/gra[(3,4)×(4,3)]. The smaller ab-
sorption energy of CuPc than F16CuPc is attributed to weaker
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FIG. 9. (a) Geometry of CuPc molecules adsorbed on
graphene[(1,5)×(4,3)]. (b) Corresponding density of states (DOS)
plot projected on CuPc and graphene for the adsorption system, respectively.
The vertical dashed line marks the Dirac point which is 10 meV below the
Fermi level for CuPc/graphene. (c) One-dimensional charge density differ-
ence along the surface normal direction of graphene; vertical dotted lines
mark the positions of graphene and the molecule planes. For comparison, the
corresponding lines of F16CuPc (blue) are also shown in panels (b) and (c).

van der Waals interaction between CuPc and graphene and
between CuPc molecules, due to the smaller charge density
around the periphery H atoms than F atoms in F16CuPc, and
the larger distance between CuPc and graphene by 0.07 Å.
Recently, it was proposed that the interaction between an
anion and substituted π system is simply a charge-dipole
interaction,54 which might be used to explain the enhanced
binding of F16CuPc over CuPc on graphene.

The corresponding DOS and one-dimensional charge dif-
ference plot is shown in panels (b) and (c) of Fig. 9, to-
gether with those of F16CuPc for direct comparison. We found
that the DOS features are qualitatively close to those of the
F16CuPc/graphene system. The biggest difference between
the two cases is the level alignment: with reference to the
Dirac point of graphene ED , the HOMO of CuPC is 0.76 eV
below ED while the HOMO of F16CuPc is 0.94 eV below
ED , and the LUMO is 0.56 eV and 0.34 eV higher than
ED for CuPc and F16CuPc, respectively. Since the LUMO of
F16CuPc is closer to the Fermi level, it could facilitate eas-
ier charge transfer from graphene to the molecule consistent
with its n-type nature. The LUMO of CuPc is higher in en-
ergy and, hence, it is more difficult to accept electrons from
the substrate enhancing its p-type character. Our result is in
good agreement with photoelectronic measurements of the
HOMO position on HOPG:55 it is 0.9 eV and 1.2 eV be-
low the EF of HOPG for CuPc and F16CuPc, respectively.
The fact that the LUMO of F16CuPc is closer to the Fermi
level than that of CuPc is also consistent with experimental
observation that F16CuPc images (LUMO) are much brighter
than CuPc under negative bias of −2.0 V,30 which samples
a higher electron density in this energy range. Similar to the
case of F16CuPc, the projected DOS on graphene also shows

that its electronic structure is modified upon CuPc adsorp-
tion: the DOS is smoothed at the peak 2.28 eV below the
Dirac point and an extra DOS peak shows up 0.39 eV above
the Dirac point. Furthermore, the band gap of F16CuPc is
∼40 meV smaller than that of CuPc.

The redistribution of electron density upon CuPc adsorp-
tion is also similar to the case of F16CuPc. However, F16CuPc
shows much higher electron polarization at the interface dis-
played by the higher positive peak between Pc and graphene
planes and the lower negative peaks in the molecule region
(Fig. 9(c)). The spacial distribution of polarized charge for
CuPc/graphene is shown in Fig. 8 (bottom panels). A signif-
icant difference from that for F16CuPc in Fig. 8 (top mid-
dle panel) is that the charge redistribution on CuPc is very
small, while more electrons are located around the benzene-
like rings and F atoms in F16CuPc. There seems to be more
electron loss in graphene upon CuPc adsorption characterized
by large-area red clouds in Fig. 8 (bottom middle panel); how-
ever, this is compensated by an electron accumulation layer
closer to EG in the present case (blue clouds). As a result,
the plane-averaged net electron redistribution is similar to the
case of F16CuPc/graphene. The slight difference in the ex-
act numbers of charge transfer in Table I (0.14e for CuPc
vs. 0.08e for F16CuPc) is mainly a result of artificial spacial
partition by choosing a particular plane to separate Pc and
graphene; due to the non-homogeneous charge redistribution,
these numbers do not reflect the “true” electronegativity, nei-
ther the p- or n-type behavior of two molecules of different
composition and size. The amount of electron transfer from
CuPc to graphene follows the same trend as that of F16CuPc
with the increase of graphene voltage or the decrease of EG
thickness, as shown in Table I. CuPc could gain 0.59e and
0.38e on MEG and BEG, respectively. The larger polarization
effect at the F16CuPc/graphene interface is consistent with the
stronger electronegative properties of the F16CuPc molecule.
As a result, the induced interface dipole for F16CuPc is greater
than that for CuPc, blocking electron transfer from F16CuPc
to graphene in the former when graphene is used as transpar-
ent anodic electrode in photovoltaic devices.25

D. Non-uniform F16CuPc stripes

Next we simulate the non-uniform F16CuPc structure
with molecular stripes of different orientations adsorbed
on EG, namely, the αβ phase. To this end, we construct
a graphene supercell of [(3,4)×(8,6)], with two F16CuPc
molecules, as shown in Fig. 10. The lattice vectors are 14.96 Å
and 29.92 Å, at an angle of 69.4◦. In the patterns observed by
STM, shown in Fig. 5, an incommensurate Pc overlayer with
respect to the underlying graphene lattice implies a small lat-
tice mismatch between the overlayer and substrate lattices,
which would require a very large supercell. We are restricted
to commensurate supercells by computational considerations,
and accordingly we have identified the best matching super-
cell as 2F16CuPc/gra[(3,4)×(8,6)]. Figure 10(a) represents the
αα phase, where the two molecules in the unit cell have
the same orientation forming parallel rows. The patterns in
Figs. 10(b)–10(d), are models for the αβ phase with F16CuPc
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FIG. 10. Geometries of uniform and non-uniform F16CuPc overlayers ad-
sorbed on graphene[(3,4)×(8,6)]: (a) the α − α pattern; (b)-(d) the α − β

stripes with relative azimuthal angles of: (b) 20◦, (c) 30◦ and (d) 40◦. The
unit cell (red parallelogram) contains two Pc molecules.

rows of two different orientations, corresponding to the α and
β stripes. The relative azimuthal angles for the two molecules
in each unit cell in Figs. 10(b)–10(d) are: 20◦, 30◦, and 40◦,
respectively. In addition, we also adjust the translational po-
sition of the second Pc molecule with respect to the first one
after rotation, to minimize the steric repulsion between the
two molecules.

The binding energy is −6.16 eV/UC for the αα ori-
entation. The αβ structures have very close total energies
with a binding energy −5.99 ± 0.03 eV/UC for the dif-
ferent arrangements shown in Figs. 10(b)–10(d). The dif-
ference is within the limit of computational accuracy. We
found that the structure in Fig. 10(c) has closest orientations
of the molecules to those observed in experiment (Fig. 5).
The different molecular orientation in αβ phase results in a
small energy shifts of the HOMO and LUMO values by less
than 0.1 eV.

The small difference in adsorption energy of −0.1 eV/Pc
indicates that Pc molecules in the αα and αβ orientations
are almost energetically degenerate though the αα align-
ment is slightly favored within this artificial unit cell. When
this periodic boundary condition is applied to a single layer
of free-standing molecules (without the graphene substrate),
the intermolecular interactions differ significantly in the two
phases: they are overall attractive (−0.27 eV) for αα but re-
pulsive (+0.23 eV) for αβ. The F-F diagonal distance along
the αβ direction is compressed by 0.5 Å, due to the incom-
mensurate more compact lattice used along this direction. To
mimic the real dimensions observed in experiment,34 we use
supercells where only the lattice vector along the αβ direction
is extended by 1 Å in the free-standing layer of molecules.
The supercell adjustment is applied to both the αα and αβ

phases. The intermolecular interactions in both phases be-
come overall attractive (−0.5 to −0.7 eV), and the total en-
ergy for the αβ phase is 0.22 eV lower than that of the αα

phase, suggesting that the αβ phase is more favorable under
realistic conditions which explains the predominance of the
αβ orientation in the STM images.

Using the αβ phase in Fig. 10(c), simulated STM im-
ages based on the charge densities for the HOMO and LUMO
are shown in Fig. 11. The charge distribution of the HOMO

FIG. 11. Simulated STM images from the HOMO (left) and LUMO (right)
states upon F16CuPc adsorption on graphene[(3,4)×(8,6)] (corresponding to
applied positive and negative bias on the tip, respectively). The blue dashed
lines indicate the orientations of molecular rows.

and LUMO has four-fold symmetry and a hole in the center.
For the HOMO, each lobe is separated by two perpendicu-
lar planes, and the charge distribution in F-substituted phenyl
groups is relatively localized. In the LUMO, the wavefunc-
tions are more delocalized and evenly distributed over the en-
tire Pc molecule. Furthermore, the central part of the HOMO
is darker than that of the LUMO image, which is in excel-
lent agreement as the STM images.30 The molecular arrange-
ments and the overall features of the simulated STM image of
LUMO in Fig. 11 are very close to that measured in experi-
ment, see Fig. 5.

By increasing the F16CuPc coverage until the graphene
surface is fully covered by the Pc molecules, a Pc bilayer
structure begins to form with αβ stripes, similar to that in
the bottom layer. The interaction between stacking F16CuPc
molecules is much weaker than the Pc-graphene interaction.

IV. CONCLUSIONS

We have studied the atomic and electronic structure of
CuPc and F16CuPc overlayers on epitaxial graphene based
on STM and first-principles calculations. Both CuPc and
F16CuPc molecules prefer to lie flat and physisorb with the
central Cu atom situated on top of a C atom of EG. For
F16CuPc adsorption on EG, the molecules form incommensu-
rate crystalline islands comprising alternating α and β-stripes.
In addition, the small energy difference between these ar-
rangements of 0.1 eV indicates the stability of both orienta-
tions which coexist on EG. Furthermore, the order is main-
tained by the molecule-substrate and intermolecular van der
Waals interactions and is associated with a small amount of
charge transfer from EG to the F16CuPc molecule. More im-
portantly, the negatively charged system leads to enhanced
charge accumulation on Pc molecules relative to the neutral
system. This voltage- and thickness-dependence of charge
transfer suggests a simple way to controllably tune the amount
of charge transfer between organic overlayers and graphene
without resorting to complex chemical doping.

Because of the higher DOS at the Fermi energy and
different amount of charge transfer, Pc molecules prefer
to absorb on monolayer EG, when the monolayer and bi-
layer EG coexist. This paves a possible way for interfa-
cial structure engineering. The calculated charge density of
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F16CuPc/graphene matches very well with the STM images
observed in experiment.

For CuPc adsorption on EG, the molecules are arranged
in a more compact square lattice due to their smaller size
and weaker intermolecular interactions. The binding energy is
0.7 eV smaller than that of F16CuPc on EG.

Upon Pc molecular adsorption on EG, the modification
of electronic structure generates a localized molecular level
at 0.4 eV above the Dirac point in graphene, and electron re-
distribution below the HOMO for both cases. However, the
LUMO of F16CuPc is closer to the Fermi level than that
of CuPc, indicating that the latter is more difficult to ac-
cept electrons. Furthermore, F16CuPc shows a much stronger
electron polarization effect at the Pc-graphene interface than
CuPc, which also suggests the electron-acceptor character of
F16CuPc, and electron-donor behavior of CuPc. The level
alignments agree with experimental measurements.55

Our research elucidates the nature of the interaction be-
tween F16CuPc or CuPc molecules and graphene and the
charge transfer mechanism at the interface. The results are
useful in understanding the electronic structure of graphene
tuned by physisorbed molecules and shed light on structural
and electronic properties of graphene-based nanoelectronic
devices.
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