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We used the partial charge tight binding method to perform a full structure optimization to determine
equilibrium adsorption geometries, energetics, and local charge redistribution for molecular adsorption and
multilayer growth of pentacene on Cu�100�. We found that single molecule adsorption induces only a localized
perturbation of the metal lattice which is limited to the topmost layers. At saturation coverage four stable
topologies �Brick, Wave, Lines and Zigzag� were identified, all based on pentacene molecules lying flat on the
metal surface and with the central phenyl ring adsorbed in top position. Only two �Brick and Wave� out of the
four structures are able to sustain multilayer growth. In both cases, assembling beyond the second layer
corresponds to a transition from the flat to a tilted geometry, in which the pentacenes adopt a face-plane-face
arrangement leading to a herringbone structure. The energetics of the different structure are reported as a
function of the molecular number density of the pentacene multilayer by calculating cohesive, stress, and
electrostatic energies. The dominant tilted molecular orientation in the pentacene multilayer is in agreement
with the average tilt angle of 65° between the molecular plane and the Cu surface derived by near edge x-ray
absorption spectroscopy of a four monolayer pentacene film deposited on Cu�100�.

DOI: 10.1103/PhysRevB.75.155401 PACS number�s�: 68.35.�p, 68.43.Fg, 61.10.Ht, 81.07.Nb

I. INTRODUCTION

Among the polycyclic aromatic hydrocarbons considered
as active layers for constructing low-cost organic field effect
transistors �OFETs�, pentacene �Pc, C22H14� appears particu-
larly attractive because of its high room temperature charge
carrier mobility �1.5 cm2/V s�, which has been reported to
match or even surpass that of amorphous silicon.1

Pentacene is composed of five benzene rings coupled side
by side in a linear planar configuration. In the bulk phase Pc
crystallizes in a layered triclinic structure, with the mol-
ecules, which are not perpendicular to the lattice planes, as-
sembled into a herringbone arrangement in the �100� plane.2

The partial overlap between the � orbitals of face-edge in-
teracting adjacent Pc molecules makes possible charge hop-
ping, at the basis of carrier transport in organic crystals,
which is then maximal in the direction perpendicular to the
long molecular axis. Such anisotropy of the carrier mobility
should be exploited in OFET devices, by properly orienting
the Pc molecules with respect to the substrate plane, in order
to align the preferential hopping direction with the source/
drain geometry. Moreover, being carrier transport severely
limited by impurities, lattice defects, and grain boundaries,
device efficiency can be dramatically enhanced by the choice
of suitable substrates, whose chemical and structural proper-
ties facilitate Pc heteroepitaxy.

In thin layers, Pc self-assembles into bulklike structures
with “standing up” orientation only when the van der Waals
�VdW� intermolecular forces are dominant with respect to
the interaction with the substrate. Bulklike configurations
even at monolayer �ML� thickness, favored by the attenuated
surface-adsorbate forces, have been observed in the case of
H terminated Si�111�,3 for SiO2 substrates,4,5 on well-ordered
Bi�001� films,6 and also on metal substrates functionalized
with self-assembled MLs, which break the strong surface/Pc
interaction.7

On less inert surfaces, the crystallographic orientation of
Pc is determined by the balance between the weak VdW-type
Pc-Pc interaction and the interaction with the substrate, sub-
stantially depending on the electronic structure of the latter.
In the case of metal surfaces, the strong interaction between
the empty d orbitals of the substrate and the � cloud of Pc
forces the adsorbed molecules to assume a flat geometry. For
coverages up to 1 ML, flat lying Pc has been observed on
Cu�111�,8 Cu�100�,9 Cu�110�,10–13 Au�111�,14 Au�100�,15

Fe�100�,16 Ag�110�,17 as well as on the Cu�119� vicinal
surface.18 In general, for coverages above the first ML, the
Pc molecules reorient from an initially interface-controlled
structure towards a bulklike structure.

Ordering in the first ML is believed to drive the epitaxy in
the upper layer, by governing the formation of domains and
grain boundaries, which can act as carrier traps. Due to this
primary role, the structure of the Pc layer in contact with the
substrate has been the subject of several detailed studies. It is
found that, mostly, when Pc is deposited at room temperature
there is only short range layer ordering and a moderate an-
nealing is necessary to obtain long-range ordered phases.10

Moreover, for very diluted phases the lack of distinctive dif-
fraction spots in the low energy electron diffraction �LEED�
patterns denotes the absence of extended periodic
structures.11 In general, for flat �111� surfaces of weakly in-
teracting metals, steps18 and anchoring functional groups are
indispensable to obtain long range ordering, whereas in the
case of �110� templating surfaces, the reduced mobility when
approaching ML coverage is sufficient to achieve an ordered
layer.17

Multiform configurations have been observed on different
metal substrates, depending on surface termination, Pc cov-
erage, and annealing temperature. Periodic structures, com-
mensurate with the substrate periodicity, are favoured when
the surface lattice spacing matches the distance between ad-
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jacent phenyl rings. Several structures might coexist on the
same surface.19–21 Moreover thermal annealing can trigger
the transition between different structures in the ML
regime11,21 by inducing layer reorganization or partial de-
sorption.

On several metals Pc deposition beyond the first ML co-
incides with the transition to a different configuration, which
usually corresponds to a rotation of the Pc plane around the
long axis which remains parallel to the surface leading to a
tilted orientation. The growth of Pc multilayer films was fol-
lowed in detail on Cu�110�.12,13 Up to 2 nm an intermediate
phase, characterized by the molecules tilted around the long
axis which remains parallel to the substrate was identified.
Above that, a different structure was observed, with the mol-
ecules assuming an upright orientation giving a herringbone
type arrangement, similar to the Pc bulk structure although
with slightly shorter lattice constants. Similar structures have
been reported for Pc films grown on quartz or polyester
substrates.22

Differently from the Pc/Cu �110� �Refs. 10–13� and
Pc/Cu�111� �Ref. 8� interfaces, whose adsorption features
were well stated by scanning tunneling microscopy �STM�,
only rarely has the twofold Cu�100� surface been considered
as substrate for the growth of Pc or other polyacene layers.
Flat lying Pc with a configuration approaching the hexagonal
packing was observed by LEED on Cu�100�,9 whereas for
tetracene deposited on Cu�100� and Cu�110� Yannoulis et
al.23 reported that, already at ML coverage, the long molecu-
lar axis was perpendicular to the copper substrate. In com-
parison with the �110� orientation which is characterized by
the absence of rotated domains and by the formation of long-
range ordered structures, a weaker tendency towards in-plane
ordering is, in principle, expected in the case of the less
templating �100� surface.

In this study we have faced the formation of the
Pc/Cu�100� interface by using the partial charge method ap-
proach to calculate the most probable structures for coverage
ranging from sub-ML to multilayer regime. Computations of
the energetic parameters are related to the experimental
structural information derived from the angular dependent
x-ray absorption spectra of a multilayer Pc film on Cu�100�.

II. COMPUTATIONAL METHOD

Following the idea of Zerbetto et al.24,25 the total potential
energy function VTOT of the system has been approximated
by the sum of three terms: the inter- and intra-molecular
potential energy of the organic subsystem VORG, the tight
binding potential energy of the metal VMET and the interac-
tion energy between the metallic and organic subsystems
VORG-MET.

VTOT = VORG + VMET + VORG-MET. �1�

The VORG term is based on the MM3 force field of Allinger et
al.26 which is well suited to describe the aliphatic and aro-
matic hydrocarbons and takes into account electrostatic ef-
fects. The second potential term is a tight binding term in-
clusive of a repulsion intermetallic term

VMET = ETB = Ebond + ETB
rep, �2�

where Ebond is a many body term as obtained by the tight
binding second-moment model. The second moment ap-
proach of the tight-binding model gives an electronic band
energy per atom which has the form of the square root of a
pair wise sum of squared hopping integrals f�rij�

Ebond = − A�
i
��

j

f�rij� = A�
i

Ei
BAND, �3�

where rij is the distance between the ith and the jth atoms,
and A is a constant.

This functional form has been the basis of empirical non-
pair wise force models for transition and noble metals. Hith-
erto, it appeared to be valid for a half-filled band.27 We have
used the expression of the band energy for an atom i as
derived by Rosato et al.28

Ei
BAND = − ��

j

����
2 e−2q����rij/r0

����−1� , �4�

where � is an effective hopping integral, q�� and r0
�� are

respectively an empirical parameter depending only on the
metallic species � and � and the first-neighbor distance for
the studied lattice. The repulsion intermetallic term �ETB

rep�,
arising from the interaction of the electronic densities local-
ized on the atomic nuclei, is a simple sum of pair wise re-
pulsion terms

ETB
rep = �

ij

A��e−p����rij/r0
����−1, �5�

where p�� and A�� depend on the atomic species � and
� and rij is the distance between atoms i and j. The over-
all metallic potential is characterized for Cu�100� by
the parameters:26 A=0.0855 eV, �=1.224 eV, p=10.96,
r0=2.556 Å, and q=2.278.

The interaction between the metallic and the organic sub-
system �VORG-MET� is based on the charge equilibration ap-
proach developed originally by Rappe and Goddard29 plus a
short range VdW term �EVdW�. The VORG-MET long range
term is an electrostatic potential arising from fictional partial
charges qi on the nuclei of the metal atoms and of the organic
molecules. The qi charges are calculated with a formula de-
rived by simple electronegativity equilibration. The total en-
ergy of the systems is expressed as a sum of one particle
term and of two-body part

E = �
i

Ei + �
i�j

Eij , �6�

where Ei is the ith atom electrostatic energy assumed to be
differentiable with respect of the atomic partial charge qi,
and Ei

0 is the ith atom electrostatic energy in the case of zero
qi

Ei = Ei
0 + qi� �E

�qi
�

0
+

1

2
qi

2� �2E

�qi
2 �

0

+ . . . . �7�

Using the Mulliken definition of the atomic electronegativity
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�i
o =

1

2
�IPi + EAi� = � �E

�qi
�

0
�8�

and defining the Coulomb repulsion integral between elec-
trons of the same atom �the one-center Coulomb integral�

Jii = IPi − EAi = � �2E

�qi
2 �

0

�9�

the energy of the ith atom is

Ei = Ei
0 + �i

0qi +
1

2
Jiiqi

2. �10�

The two-body term is assumed to be a simple two-center
Coulomb interactions:

Eij = Jijqiqj , �11�

where the two-center term Jij are calculated by using the
semi-empirical equation proposed by Ohno-Klopman30

Jij�rij� =
1

�rij
2 + � 1

2Jii
+

1

2Jjj
�2

, �12�

where rij is the interatomic distance between the ith and the
jth atom. This term depends only on the atomic species and
on their distance.

Hence the electronegativity of the ith atom is defined as

�i =
�E

�qi
= �i

0 + Jiiqi + �
i�j

Jijqj �13�

and according to the principle of electronegativity equaliza-
tion

�1 = �2 = . . . = �N �14�

and to the condition on the total charge of the system

Qtotal = �
i

N

Qi �15�

a total of N simultaneous equations are obtained

CQ = D , �16�

where the vector Q contains all the atomic partial charges of
a N atomic systems, and where the C matrix is

C1j = 1,

Cij = J1j − Jij for i � 2, �17�

and the vector D is

D1 = Qtotal,

Di = �i − �i
0 for i � 2. �18�

Hence Eqs. �16� are solved at every fixed geometry of the
atomic nuclei of the system and given the parameter �i and
Jii for the different atomic species present in the simulation
system. In particular we have used the parameters �i and Jii

for H, C, and Cu atoms as reported by Thiel et al.:31,32 �H
=7.17 eV, �C=6.27 eV, �Cu=4.48 eV, JHH=12.84 eV, JC-C
=10.00 eV, and JCu-Cu=6.50 eV. The calculated partial
charges produce an electrostatic long range potential, which
is added to a short range field, that takes into account the
nucleus-nucleus repulsion terms and the high order multipole
interactions. In particular we have used a Buckingham VdW
function

Evdw�r� = 		Ae−Br/r0 − C� r0

r
�6
 , �19�

where A, B, and C are respectively 184 000.0 �Kcal/mol�−1,
12.0 and 2.25 Kcal/mol·Å6. The other parameters have been
chosen after a tuning procedure: 	Cu-C=0.039 Kcal/mol,
	Cu-H=0.42 Kcal/mol, r0

Cu-C=2 Å and r0
Cu-H=3.1 Å neglect-

ing the attractive part of the EVdW for the Cu-H interaction.
The TINKER program33 has been modified to take into ac-

count the above overall potential energy terms. We have used
the periodic boundary conditions �PBC� with orthogonal unit
cell and 26 and 8 replica cells for the bulk and surface simu-
lation, respectively. The geometrical optimizations were per-
formed in Cartesian coordinate space using a low storage
BFGS nonlinear optimization.34 The number density �
Pc� of
Pc molecules has been evaluated as the number of penta-
cenes in the volume between the metal surface and the top-
most point occupied by a Pc atom. The energetic of the mul-
tilayers is studied with the help of energy terms:

�I� The Pc cohesive energy

ECoh
Pc =

Esystem − Emetal − NPcEPc
free

NPc
, �20�

where Esystem is the energy of the whole system in the simu-
lation cell, and Emetal is the energy of the metal atoms in the
absence of the Pc molecules. NPc is the number of Pc mol-
ecules in the cell, and EPc

free is the energy of a single free Pc
molecule. Ecoh

Pc is the average energy needed to remove a Pc
molecule from the system formed by the metal copper plus
the molecular film.

�II� The reduced molecular cohesive energy evaluated by
neglecting the direct interaction of the Pc first layer with the
metal


ECoh
Pc = ECoh

Pc −

�
all Pc of the first layer

D0
Pc-Cu

NPc
, �21�

where D0
Pc-Cu is the binding energy between a single Pc mol-

ecule and the solid metal surface. 
Ecoh
Pc is the average en-

ergy to remove a Pc molecule from the molecular film in the
hypothesis of neglecting the interaction between the Pc mol-
ecules of the first layer and the copper metal. In this way we
can monitor the effective forces acting among Pc molecules
without the direct interaction of the copper subsystem.

�III� The average energy required to stress the Pc layers
from the free film to the absorbed film on Cu metal
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ESTRESS
Pc film =

EPc
film on Cu − EPc

free film

NPc
. �22�

The ESTRESS
Pc film energy is a good indicator of the structuring

effects of the metal on the absorbed organic molecules. This
energy increases when the geometrical structure of the Pc
molecules in the film adsorbed on the metal surface is highly
distorted with respect to the geometrical structure of the Pc
molecules in a free-standing film.

III. EXPERIMENTAL

Pentacene thin films were grown by organic molecular
beam epitaxy on a copper substrate. Clean Cu�100� surface
was prepared in situ according to standard UHV
procedures;35 its atomic cleanliness was checked by
near edge x ray absorption fine structure �NEXAFS�: no
traces of typical contaminants �such as oxygen and sulfur�
were detected within the limit of the NEXAFS sensitivity.
The substrate was held at room temperature during the or-
ganic film deposition. Assuming for the equivalent-
monolayer �ML� the bulk density and structure of crystal Pc,
a typical growth rate of �0.5 ML/min, as checked by a
quartz microbalance, was obtained by thermally controlling a
custom-made Knudsen cell �accuracy better than 0.5 °C�.

Angle-dependent NEXAFS experiments were carried out
at the BEAR beam line36 at bending magnet exit 8.1 of the
Elettra storage ring �Trieste, Italy�. In the present experiment
we used a polarization degree better than 80%. Sample
holder rotations featured a 10−3 deg overall accuracy. We
estimate that a major uncertainty �about 1°� on the experi-
mental angle was mostly due to the mechanical mounting of
the copper substrate on the holder. A light spot of 30
�300 �m2 �vertical�horizontal� was used with a resolving
power E /
E�5000 at the carbon K edge. NEXAFS scans
were acquired in the �275–345� eV photon energy range by
measuring the sample drain current Is. Spectra were normal-
ized to the incident photon flux I0, using the current Im
drained by a tungsten mesh inserted along the beam path,
hence measured at the same time as Is.

We have exploited the well known dependence of the in-
tensity of the optical transitions from the C 1s core level to
the first unoccupied electronic states, as a function of the
angle between the electric field polarization vector E and the
direction of maximum orbital amplitude. This method is
quite general and nowadays well established and based on
the fact that the absorption intensity is proportional to
�E·T�2, where T is the transition dipole moment of the se-
lected orbitals.37 Polarization-dependent NEXAFS spectra
have been measured by varying the angle between the polar-
ization E vector of the incident beam and the normal ň to the
copper surface. The angle scan was achieved by rotating the
polar angle � of the sample with respect to the incident pho-
ton beam direction �k�.

After applying the procedure for I0 correction, all spectra
have been brought to the same scale by normalizing them to
the atomic edge jump, namely by bringing to the same level
the intensities for photon energy well below the C K edge
and for photon energies well above the near-edge structures.

IV. RESULTS

A. Single pentacene molecule on Cu surfaces

We have simulated as a test case the bulk Cu in an or-
thogonal unit cell of 25.27�25.27�11.00 Å3 with a total of
15 876 atoms including the replica of the PBC. The cohesive
energy has been calculated to be 3.52 eV, in good agreement
with experimental finding of 3.54 eV.38 The metal surface
system has been calculated for the two �100� and �110� faces:
the dimensions of the unit cells were the above ones for the
�100� face and 25.52�32.49�15.00 Å3 for the �110� face,
and the replica for the PBC is up to nine unit cells. Their
atomic cohesive energies have been calculated as 3.364 eV
�100� and 3.266 eV �110�.

The case of a single Pc molecule absorbed on the Cu
surface has been analyzed with respect to the �110� and �100�
faces. On both Cu�100� and Cu�110� surfaces the Pc mol-
ecule lies with the aromatic rings parallel to the metal surface
at a distance of 2.5 Å �Fig. 1� and has a binding energy
D0

Pc-Cu of 2.2 eV. This value is in good agreement with the
experimental value of about 2.2 eV measured for monolayer
Pc molecules absorbed on Cu�110� �Ref. 12�. In both cases
the center of the Pc molecules resides at the Cu top site,
whereas the lateral aromatic rings are slightly misaligned
with the respect to the underlying Cu atoms, due to the slight
mismatch between the Cu-Cu distance �2.55 Å� and the dis-
tance between adjacent aromatic rings �2.39 Å� in Pc.

In Fig. 2 we report the partial charge distribution on the
Cu�100� surface induced by the presence of a Pc molecule.

B. Pentacene monolayer on Cu(100)

The monolayer coverage of the �100� Cu surface has been
studied with regard to the different topologies the system can

FIG. 1. Side and top views of a single pentacene molecule ad-
sorbed on the Cu�110� and Cu�100� surfaces.

FIG. 2. Partial charge distribution in a.u. �atomic units, i.e., one
electron charge� on the Cu�100� lattice ions induced by the adsorp-
tion of a single pentacene molecule.

SATTA, IACOBUCCI, AND LARCIPRETE PHYSICAL REVIEW B 75, 155401 �2007�

155401-4



sustain. In particular we have found that the Pc molecules
adsorbed on the Cu�100� surface at saturation coverage origi-
nate four characteristic topologies which we have named as
Brick, Lines, Wave, and Zigzag shown in Fig. 3 and de-
scribed hereafter, whereas the corresponding energetic pa-
rameters are listed in Table I. In each case the Pc molecules
lie with the aromatic rings parallel to the metal surface.

The Brick configuration is represented in Fig. 3 and is
characterized by staggered rows of Pc lying above the Cu
surface at about 3 Å. Each row is centered 7.7 Å apart from
the next ones. Every Pc has six H atoms fronting �2.5 Å

apart� other six hydrogens of Pc molecules of the neighbor
rows, and every Pc has four hydrogens facing at about 4.5 Å
four H atoms of the two adjacent Pc molecules in the same
molecular row.

The Lines topology is formed by regular Pc rows, about
7.7 Å far from each other, lying parallel to the metal surface
at a distance of 2.9 Å. Every H fronts a corresponding H of
a neighbor Pc, at a distance of about 2.5 Å as can be seen
from Fig. 3. This configuration has the highest Ecoh

Pc energy
�3.48 eV� with respect to the other monolayer geometries.

The third monolayer configuration is the Wave one: here
the rows of Pc are similar to the Lines geometry, but they are
partially staggered so that not all the H atoms face directly
other hydrogens. The rows of Pc are planar with respect to
the metal surface at a distance of 2.95 Å.

The Zigzag geometry is a compact topology �2.51 Pc for
each nm3� 2.9 Å far from the Cu �100� face. Likewise the
Wave case the direct facing of H atoms is partial and at a
distance of about 2.5 Å.

C. Pentacene multilayers on Cu(100)

The multilayers structural search was based on BFGS
�Broyden, Fletcher, Goldfarb, and Shanno� quasi-Newton
optimization39 of random chosen initial multilayer configu-
rations, and the rms gradient per atom was fixed at
0.01 Kcal/mol/Å as the stability criterion. Pentacene multi-
layers are supported only by the Brick and Wave topologies.
A particular case is represented by the Lines geometry, on
which it seems only a bilayer structure is stable, and multi-

TABLE I. Energetic parameters as a function of the pentacene layer number, topology, and Pc number
density 
Pc. The reported parameters are: the cohesive energy Ecoh

Pc , the reduced molecular cohesive energy

Ecoh

Pc , the average energy required to stress the Pc layers from the free film to the film adsorbed on Cu metal
ESTRESS

MET , the total charge dipole energy Eq−�
TOT, the dipole-dipole energy per Pc molecule E�−�

Pc , and the
torsional energy of the Pc molecules Etors

Pc .

Number
of layers Topology


Pc

�nm−3�
Ecoh

Pc

�eV�

Ecoh

Pc

�eV�
ESTRESS

MET

�eV�
Eq−�

TOT

�eV�
E�−�

Pc

�eV�
Etors

Pc

�eV�

1 Brick 2.39 3.19 1.0 0.5 −0.22 0.39 −1.04

Line 2.52 3.48 1.28 0.5 −0.26 0.39 −1.02

Wave 2.47 3.37 1.16 0.6 −0.30 0.39 −1.03

Zigzag 2.51 3.42 1.24 0.5 −0.39 0.39 −1.03

2 Brick LD 1.36 1.77 0.36 0.4 0.09 0.35 −1.06

Line 2.30 1.88 1.08 0.5 0.69 0.40 −1.05

Wave 1.95 1.63 0.77 0.5 0.30 0.41 −1.06

3 Brick LD 1.67 1.35 0.44 0.5 0.13 0.35 −1.06

Brick HD 2.32 1.73 1.24 0.5 −0.48 0.36 −1.06

4 Brick HD 2.42 1.62 1.23 0.5 −0.43 0.34 −1.06

5 Brick LD 1.54 1.01 0.46 0.5 0.09 // −1.07

Brick HD 2.13 1.51 1.18 0.5 −0.43 0.36 −1.06

Wave 2.10 1.49 1.02 0.4 0.26 0.33 −1.07

6 Brick LD 1.44 0.98 0.54 0.4 −0.04 0.33 −1.07

Brick HD 2.03 1.45 1.17 0.5 −0.39 0.34 −1.07

7 Wave 2.18 1.43 1.11 0.4 0.35 0.31 −1.07

9 Wave 2.27 1.42 1.18 0.4 0.48 0.29 −1.07

FIG. 3. Geometry configurations of four different topologies
calculated for the pentacene monolayer adsorbed on Cu�100�.
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layers seem not to withstand stress without structural damage
or distortion.

In the following we report the structural and energetic
information up to the ninth layer for the Wave geometry, and
up to the seventh layer for the Brick geometry; for the latter,
stable multilayer structures can be classified in two types
according to their low or high density of Pc molecules. The
different structures are illustrated in Fig. 4.

The low density �LD� Brick multilayers are reported for 2,
3, 5, and 6 layers. The second layer is perpendicular to the
first one with the long molecular axis always parallel to the
metal surface. This is not a very compact structure, and has a
Pc number density of 1.36 mol/nm3. The third layer has the
same geometry as the first one, but is shifted of 10.3 Å away
from the Cu surface. In the 5-layer structure molecules of the
second and fourth layers have the short axes tilted by 60°–
90°, whereas the third and fifth layers are almost equal to the
first one. In the 6–layer system the quasiordered geometry of
the thinner multilayers seems a bit more unstructured: here
the second, third, fourth, and sixth layers have the short axes
tilted in a random way.

The high density �HD� Brick multilayers have been stud-
ied for 3, 4, 5, and 6 layers. In particular the 3-layer structure
is characterized by the second layer with a topology similar
to the first layer, but laterally shifted as to have its H atoms
facing the C atoms of the first layer. In the third layer the Pc
molecules have their short axes tilted by about 60° with re-
spect to the Cu face. The 4-layer system is similar to the
3-layer one, plus a layer of Pc molecules almost parallel to
the copper surface. In the 5-layer and 6-layer HD Brick
structures, the first three layers keep the configuration ob-
served in thinner multilayers, whereas the outermost layers
reveal irregular and disordered orientations, and exhibit a
sort of island structures.

The Wave multilayer topologies have been studied for 1,
2, 5, 7, and 9 layers �Fig. 4�. In all these multilayer systems
the Pc molecules have a herringbonelike structure but in the
bilayer, where the Pc molecules are lined up in a regular way.
The Wave multilayers are the bulk-Pc most resembling ones,
and have a herringbone structure and an intermolecular en-
ergy of 1.30 eV per each Pc.40

The structural information relative to all the above topolo-
gies, studied at different multilayers coverage, can be ana-

lyzed with regard to their energetic properties. In Table I we
have given an account of some detailed energetic parameters
as a function of topology, numbers of layers, and number
density. In particular the energy analysis has been related to
two structural parameters: the Pc number density �
Pc� and
the Pc film thickness.

In Fig. 5 we report 
Ecoh
Pc , the Coulomb energy due to the

electrostatic interaction among partial charges, and the VdW
intermolecular energy as a function of the Pc number density.
Although there is no clear dependence of these energies on

Pc, it appears evident that the compact topologies are char-
acterized by a higher intermolecular energy content, and that
this is mainly due to an increase of the attractive Coulomb
energy and to a decrease of the VdW inter-Pc energy.

Figure 6 reports the ESTRESS
Pc film energy as a function of the Pc

film thickness. Data are grouped in two sets: the low density
phase, with 
Pc values in the range 1.4–1.7 mol/nm3, and
the high density phase with 
Pc between 2.0–2.4 mol/nm3.

FIG. 4. Low density Brick, high density Brick and Wave topolo-
gies with different number of pentacene layers.

FIG. 5. Dependence of the energetic parameters on the Pc num-
ber density.

FIG. 6. Stress energy vs thickness for low density and high
density pentacene films deposited on Cu�100�.
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The latter has an almost vanishing ESTRESS
Pc film at Pc film thick-

ness of about 30 Å, whereas the corresponding values for the
low density phase are still about 0.6 eV. The influence and
templating effect of the Cu surface on the Pc film growth
decreases faster for the high density than for the low density
phase. Table I reports ESTRESS

MET for the different Pc structures.
This is the energy required to change the geometry of the
metal system from the bare state to the actual Pc multilayer
state: this energy is connected with the deformation of the
metal ion lattice due to the interaction with the Pc molecules.
The data listed in Table I show that ESTRESS

MET does not depend
on 
Pc, and it is of the order of 0.5 eV for all the multilayers
simulated in the cell here considered. This reflects the weak
energetic effects produced by the Pc film on the Cu metal in
agreement with the localized substrate perturbation deduced
by studying the partial charges localization in the case of a
single Pc molecule absorption �see Fig. 2�. A similar weak
dependence on 
Pc is observed for the dipole-dipole interac-
tion energies �E�-�

Pc � and the torsional deformation energies
�Etors

Pc �. These interactions are weakly dependent on both the
size and the topology of the systems. On the contrary the Pc
cohesive energy �Ecoh

Pc � and the charge-dipole interactions
�Eq-�

TOT� are strongly dependent on the specific topology and
Pc density, although it seems there is not a clear trend in
these energetic parameters. In particular the Eq-�

TOT values are
strongly scattered with respect to the geometrical parameters.
These types of energy do not characterize the Pc films. At
this regard 
Ecoh

Pc , the Coulomb and the VdW energies, re-
ported in Fig. 5 as a function of 
Pc, reveal that the low and
high density phases are characterized by well defined differ-
ent energetic contents. In the low density phase the Pc mol-
ecules interact among themselves weakly with respect to the
Pc molecules of the high density phase. In particular in the
low density phase the attractive Coulomb energy is smaller
and the repulsive VdW energy is larger in comparison to the
high density phase. This suggests that the Pc molecules of
the low density phase are more strongly influenced by the
copper surface in term of templating effects: their lower re-
duced cohesive energies 
Ecoh

Pc are connected with higher
interactions among Pc molecules and Cu atoms.

D. NEXAFS Spectroscopy of a pentacene multilayer on Cu(100)

In Fig. 7 are shown NEXAFS spectra measured at differ-
ent polar angles ��� on a pentacene film of 4 MLs as-
deposited on the Cu �001� surface. A sketch of the experi-
ment geometry is shown in the inset of Fig. 7 �k, E, and ň
are coplanar�. The molecular tilt angle 
 formed by the nor-
mal ĉ to the aromatic rings with respect to the copper surface
normal ň is also displayed.

The gross features in absorption spectra can be explained
in terms of transitions from the C 1s core level towards the
lowest unoccupied molecular orbitals, though the resonances
in the near-edge region are characterized by core-hole final
state effects with possible excitonic contribution that are
typical of poly-conjugated �-electron systems.41 Two main
manifolds characterize the near-edge signal, in the
284–290 eV photon energy range, most of them ascribable
to 1s-�* resonances of the Pc molecule, whereas the four

broad features visible at higher energy, extending up to
340 eV, are ascribable to �* empty states. Both � manifolds
compare well with the energy positions of the correspondent
gas-phase measurements.42 The similitude in absorption line
shapes of the Pc film and the free Pc molecule reflects the
absence of significant variation of the unoccupied electronic
states, this being an indication of weak intermolecular forces.

Our NEXAFS data show a strong variation with the polar
angle �, that is explained in terms of polarization-dependent
transitions according to the dipole selection rules for linearly
polarized photons: in planar aromatic systems when E vector
is parallel to the ĉ axis �normal to the molecular plane�, E
ĉ,
only transitions changing the parity sign �1s→�*� are al-
lowed, while, for E� ĉ, only 1s→�* transitions are allowed.
The spectral features show strong angle dependence: for in-
creasing � the intensities of the �* state contributions are
reduced, while the �* ones increase.

According to the literature, all the spectral features up to
290 eV are considered to have � character; nonetheless the
angle dependence of the intensities at 287.3 eV and
288.8 eV in our data could suggest a contribution from
empty states with different symmetry, in particular of � char-
acter for latter feature. The pronounced dichroism of both the
�* and the �* resonance intensities indicates a high degree of
molecular orientation in which the aromatic rings are tilted
by the angle 
. This structural information has already been
achieved by polarization-dependent NEXAFS studies of Pc
growth on Cu�110� �Ref. 12� and on both insulating4 and
other noble metal substrates.14

In order to highlight our interpretation of the experimental
findings, difference-spectra are reported in Fig. 8 obtained by
subtracting the absorption intensity at �=0° from the ones
measured for different values of �. Although possible satu-
ration effects43 are not taken into account in this analysis,
this way of handling the data helps to better follow the trend
of the measurements as a function of the polar angle �. The
spectral features depending on the orientation are enhanced,

FIG. 7. NEXAFS spectra measured at different polar angles �
for a 4 ML Pc film deposited on Cu �001�. A sketch of the experi-
ment geometry is shown in the insert �the incident photon beam
direction k, the polarization E and the normal ň to the substrate are
coplanar�. The molecular tilt angle 
 formed by the normal ĉ to the
aromatic rings with respect to ň is also displayed.
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and all the components related to the randomly oriented part
of the film, which should provide an isotropic contribution,
are neglected. From the quantitative analysis of both differ-
ence spectra and angle-dependence of the �*-resonance
intensities,21 an average value of the tilt angle 
=65° ±15°
can be inferred from our experiment �see insert of Fig. 8�.
However it cannot be established with this set of data
whether such a tilt angle is achieved by tilting the molecule
around the long axis or by an upright orientation of the mol-
ecules.

For what concerns the estimation of the tilt angle 
, two
considerations are worth noticing: �i� the sampling depth of
the total electron yield is comparable with the nominal thick-
ness of the film; �ii� island formation cannot be excluded on
the basis of both resonant photoemission spectra measured
on the same system,44 in which a significant contribution
from the copper substrate is visible, and of an atomic force
microscopy study of Pc multilayer growth on Au�111� at
room temperature.14 For both reasons a significant contribu-
tion from the first Pc layer in contact with the surface, ex-
pected to lie flat on the substrate, could give rise to a broad-
ening of the angle dependence of the measured absorption
intensity and to an underestimation of the tilt angle. None-
theless it is worth noticing that the average angle derived by

the analysis of the NEXAFS data for our film falls in the
range of values measured with same technique for Pc-
multilayers of comparable thickness grown on noble metal
surfaces.12–14

V. DISCUSSION

The calculation reported in Fig. 1 shows that a single Pc
molecule adsorbed on Cu�110� and on Cu�100� adopts a ly-
ing down configuration, resulting from the strong interaction
between Pc and the metal surface. It can be seen from Fig. 2
that the partial charges on the Cu atoms under the aromatic
rings are of the order of 0.045 a.u. and that their neighboring
Cu atoms have a partial charge around 0.015 a.u This reflects
the short range perturbation of the Cu metal by the Pc mol-
ecules: only the first two topmost Cu layers are involved in
the interaction with the organic molecule. Similar planar
configurations, where the substrate-Pc interaction overcomes
the Pc-Pc forces leading to molecules lying flat, have been
observed for monolayer Pc adsorbed on several metals, re-
gardless of their surface symmetry, such as Cu�011�,10–13

Cu�111�,8 Cu�100�,9 Cu�119�,18 Fe�001�,16 Au�001�,15

Au�111�,14 Ag�111� �Ref. 45� and calculated for Au�001�,46

and Al�001�,47 and Ag�110�.17 The calculated Pc-Cu distance
are between 2.9 and 3 Å, which are larger than the effective
layer thickness of 1.9 �±0.2� Å measured by helium atom
scattering for Pc adsorbed on Cu�110�.12

Figure 1 shows that Pc molecules lie with the long axis
parallel to the �001� lines on Cu�001� and to �110� lines on
Cu�110� and with the central aromatic ring centered at the Cu
top site. The close matching between the distance of aro-
matic neighboring ring centers �2.39 Å� and the Cu-Cu
atomic distance �2.55 Å� determines a displacement of only
0.32 Å between the center of the terminal phenyl units and
the underlying Cu atoms, allowing the formation of com-
mensurate superstructures. Top site adsorption with the long
Pc axis aligned with the �110� direction has been proposed to
explain the c�12�2� and p�6�22� periodicity observed by
LEED at saturation coverage of Pc on Cu�110�.11 On the
contrary for metal substrates with less favorable lattice
matching, adsorption of the Pc center at bridge sites with the
molecular longitudinal axis aligned to the �110� direction or
rotated with respect to the �001� direction have been calcu-
lated for Au�001� �Ref. 45� and Ag�110�,17 respectively.

All four configurations �Brick, Wave, Lines, and Zigzag�
calculated for the Pc/Cu�100� interface saturate at surface
density of 7.3�1013 mol/cm2. It is worth comparing this
number with the maximal surface density of 4
�1013 mol/cm2 found for Pc/Cu�110� interface, above
which the formation of a multilayer was observed to start.10

The Lines morphology resembles the one dimensional
rows observed on Au�111�,19,20 on Au�100�,15 and on
Cu�011� �Ref. 10� formed by Pc molecules aligned side-by-
side perpendicular to the row direction. In the latter case,10

adjacent molecules are separated by 7.2 Å and form stripes
running along the �001� direction with an average inter-row
distance of 26–30 Å. In comparison, Pc molecules arranged
in the Lines structure adopt a higher packing density having
a similar separation of 7.65 Å between the two adjacent mo-

FIG. 8. Difference spectra obtained by subtracting the absorp-
tion intensity measured at polar angle �=0° from the ones mea-
sured for different values of �. In the insert the angle dependence of
the �* manifold intensity is displayed together with the fitting func-
tion �Ref. 37� used to derive the average tilt angle 
=65° of the Pc
molecules with respect to the copper substrate.
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lecular axis, but a lower inter-row separation of 17.85 Å.
Even more packed Lines structures were observed by STM
for Pc adsorbed on Au�100�, the molecular structure being
described by unit cells sized with the molecular VdW
dimensions.15

In both Brick and Wave cases molecular staggering di-
minishes the H-H repulsion by allowing some H atoms not to
face the H atoms of the neighboring molecules. A slight simi-
larity can be found between the Wave topology and the
periodic wavelike structures observed by STM on the
Pc/Cu�110� surface.11 In the latter case, however, the waving
conformation originated from the periodic staggering inside
the Pc rows, where each molecule was shifted by half of the
Cu-Cu lattice constant and the resulting alternate top and
bridge configurations led to CH interdigitation.11

Evolution beyond the first layer depends on the balance
between the templating effect of the monolayer and the mini-
mum energy configuration of the pure Pc crystal. Among
Brick, Wave, Zigzag and Lines structures which yield, in
order, cohesive energies �Ecoh

Pc � increasing from
3.19 to 3.48 eV, we have found only the first two configura-
tions able to sustain stable multilayer structure. It has to be
noticed that in our calculations the thermodynamic effects
are neglected, and that all the results are associated with a
temperature of zero Kelvin. For Brick HD multilayer assem-
bling coincides with the onset of disorder, whereas in the
case of Brick LD and Wave, ordered structures form up to
the growth of six and nine layers, respectively. In both cases
however, molecules in the second layer assemble with the
short molecular axis tilted with respect to the surface plane,
still keeping the long molecular axis parallel to the substrate.
A similar geometry was observed by Pc molecules deposited
on Cu�110� �Refs. 12 and 13� and Ag�111� �Ref. 45� surfaces,
where the first flat monolayer is covered by molecules tilted
around the long axis which remains parallel to the substrate.
A comparison with the Au�100� that has the same twofold
symmetry as our substrate also suggests a change in molecu-
lar orientation occurring at approximately 3 ML coverage.15

We find that the thickness of the second layer, with respect to
the first, is 1.8 and 1.5 Å respectively for Brick LD and for
Wave, which is in agreement with the value of 1.8 �±0.4�Å
found for the weakly bounded second layer Pc on Cu�110�.12

In the Wave structure, Pc molecules assemble beyond the
second layer maintaining an average tilt angle of 20-25° be-
tween the short molecular axis and the surface. The resulting
structure closely resembles the herringbone ordering of a
bulk Pc crystal oriented with the b-c planes parallel to the
substrate, proposed for Pc molecules deposited on Ag�111� at
coverage above 1 ML.45 A similar rotated herringbone con-
figuration, with the short axis of the Pc molecules forming an
angle of 28° with the surface and the a-b plane of the Pc
crystal perpendicular to the actual growth plane was ob-
served for thin Pc multilayers deposited on Cu�110�.12,13 This
structure was identified as a transition phase between the flat
monolayer and the bulklike Pc structure observed at higher
layer thickness, with the a-b planes of the Pc crystal, parallel
to the Cu surface, formed by layers of standing up
molecules.48 The Wave structure calculated in Fig. 4 shows
that the rotated herringbone structure maintains up to nine
layers �whole thickness of 2.9 nm� at T=0 K, whereas for

the Pc/Cu�110� system12,13 deposited at 300–350 K, the in-
terplay of adsorption energy, stress and surface energy sets
the phase transition to the upright molecular orientation for
layer thickness exceeding 2 nm. This film orientation has not
been found by our calculation as the most stable configura-
tion for few layers coverage, even if it could be an higher
energy minimum of the total potential energy, and hence
populated at room temperature.

Different considerations can be formulated to comment
the evolution of the Brick LD structure. Our calculations
show the assembling of a second layer of molecules with the
long axis parallel and the short axis tilted of 90° with respect
to the surface, which are surmounted by a third layer of
molecules oriented nearly parallel to the substrate. Even in
this case the face to edge molecular orientation bears a re-
semblance to the parallel-tilted-parallel herringbone struc-
ture. It is interesting to note that a similar structure was pro-
posed by France et al.20 who followed by STM the growth of
Pc on Au�111� and observed wide spaced rows of tilted mol-
ecules, lying above the flat molecules of the first layer and,
above them, Pc molecules arranged in a face to face configu-
ration resembling the first layer ordering.

For the Cu�100� surface there is a lack of detailed studies
aimed at following the Pc growth on the Cu�100� surface.
The few available data reported for the tetracene on Cu�100�
reveal a standing up molecular orientation for films only 1-2
ML thick.23 Such data interpretation was recently confuted
by Chen et al.11 who argued that the tetracene layer thickness
was underestimated and linked the reported results to much
thicker layers. If this is the case, due to the similarity be-
tween tetracene and Pc, also in the latter case standing up
molecules should characterize the multilayer film grown on
Cu�100�, in agreement with what has been observed for thick
Pc layers on Cu�110� �Refs. 12 and 13� and Au�111�,14 as
well as on several inert substrate surfaces.3–6

Such growth modality is also sustained by thermody-
namic considerations, which find that the �100� surface of Pc
crystals is the less energetic and that the intralayer Pc-Pc
interaction is stronger than the interlayer interaction, thus
favoring the growth of a Pc crystals with the �100� plane
parallel to the substrate.40

To this conclusion points also our NEXAFS analysis of
the 4 ML Pc film grown at room temperature on Cu�100�
reported in Figs. 7 and 8. The evident dichroism exhibited by
the spectra measured at different angles testifies the presence
of a predominant orientation of the empty �* orbitals with
respect the substrate plane, which allows us to exclude a
growth type described by the Brick HD model. On the basis
of the NEXAFS data it is not possible to state weather the Pc
molecules lie with the long or the short molecular axis par-
allel to the substrate surface. However the fact that the de-
duced average tilt angle of 65° between the molecular and
the surface planes closely resembles the values of 62° and
73° found for several nm Pc films grown on Au�111� �Ref.
14� and Cu�110�,12,13 respectively, both configuration arising
from standing-up molecules, suggests also for the multilayer
film grown on Cu�100� a similar upright orientation of the Pc
molecules.
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VI. CONCLUSIONS

By using the partial charge method tight binding approach
we calculated the most probable structures for the Pc/
Cu�100� interface, for coverages between sub ML and mul-
tilayers. Isolated Pc molecules adsorb on Cu surfaces induc-
ing only a short range perturbation of the metal, which is
limited to the two topmost lattice atomic layer. For the ML
coverage at saturation four stable configurations were calcu-
lated, all of them made up by lying down Pc molecules,
arranged in a side-by-side fashion with the phenyl rings cen-
tered over the top sites. In most of the cases adsorption be-
yond the first ML is characterized by the molecular plane
tilted around the long molecular axis. Subsequent layers tend
mainly to assemble in a parallel-tilted-parallel geometry
which tends to replicate the typical herringbone geometry of
the Pc bulk crystal. The presence of a dominant molecular
ordering in the multilayer film deposited on Cu�100� is also

indicated by the strong dichroism observed in the NEXAFS
spectra.

Calculations predict at T=0 K the formation of low den-
sity multilayers, where the prevailing templating effect of the
substrate counteracts the self assembling of ordered layers,
and high density multilayers, that, due to the stronger in-
tramolecular interactions, rapidly converge towards the bulk-
like structure. Further experimental work could demonstrate
the possibility of switching between the two density regimes,
by properly choosing the deposition conditions responsible
to determine the structural properties of the organic film.
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