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O
rganic molecular self-assembly is a
bottom-up approach to createmo-
lecular architectures that are suita-

ble for a variety of applications including
functional materials and molecular electro-
nics.1-3 Specifically, the ordered assembly
of aromatic molecules on crystal substrates
for organic electronic applications, such as
organic field effect transistor and organic
photovoltaic (OPV) devices, has promising
technological potential.4,5 Self-assembled
monolayer (SAM) formations are governed
by hierarchical interactions including mole-
cule-molecule and molecule-substrate
interactions.6,7 Several strategies and me-
chanisms for engineering molecular self-
assembled architectures on crystal surfaces
have been recently reviewedbyBarth et al.8,9

Pentacene, a well-known aromatic com-
pound composed of five linearly arranged
benzene rings, is of significant interest for
structural and electronic investigations due
to its applications in organic electronics.10,11

While pentacene-based thin-film transistor,
OPV, and organic light-emitting diode de-
vices have all been prepared, little is known
concerning the effect of molecular orienta-
tions and thin-film morphologies on device
performance. Before such studies can be
undertaken, methods to assemble penta-
cene and its derivatives into highly ordered,
well-defined architectures must be devel-
oped. Scanning probemicroscopy methods
are particularly useful for studying molecu-
lar and thin-film architectures. Pentacene's
electronic structure has been studied by
scanning tunneling microscopy (STM),12,13

while its chemical bond structure was re-
cently interrogated using high-resolution
atomic force microscopy.14 STM studies on
pentacene SAMs on metallic surfaces such
as Au(111),15-17 Au(110),18 Ag(111),19-21

Cu(110),22-24 and Cu(119)25-27 show in
each case, however, that multiple domains
form, resulting in superstructures with lim-
ited long-range order.
Where device fabrication is concerned,

pentacene has several drawbacks including

a lack of solubility and poor air stability.
Limited solubility hinders device fabrication
using high-rate, low-costmethods like spray

or blade coating. Facile oxidation of penta-
cene ultimately degrades device perfor-

mance and leads to products with limited
shelf life. Pentacene derivatives with im-
proved solubility and air stability are cur-

rently under study.28 Several such deri-
vatives including 6,13-dichloropentacene
(DCP) show excellent resistance to photo-

oxidation and have adjustable HOMO
(highest occupied molecular orbital)-LUMO

(lowest unoccupied molecular orbital)
gaps.28 The calculated HOMO-LUMO
gap of DCP is 2.16 eV compared to 2.29

eV for ordinary pentacene.28 In general, a
gap reduction increases the absorption
efficiency of the solar spectrum in OPV

applications.3
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ABSTRACT Defining pathways to assemble long-range-ordered 2D nanostructures of specifically

designed organic molecules is required in order to optimize the performance of organic thin-film

electronic devices. We report on the rapid fabrication of a nearly perfect self-assembled monolayer

(SAM) composed of a single-domain 6,13-dichloropentacene (DCP) brick-wall pattern on Au(788).

Scanning tunneling microscopy (STM) results show the well-ordered DCP SAM extends over hundreds

of nanometers. Combining STM results with insights from density functional theory, we propose that

a combination of unique intermolecular and molecule-step interactions drives the DCP SAM

formation.
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Meanwhile, noble metal vicinal surfaces with tailor-
able miscut angles and step sizes have been identified
as promising templates formolecular self-assembly.29-32

Au(788), one of the Au(111) vicinal surfaces, is miscut
by 3.5�with respect to the (111) orientation toward the
[211] azimuthal direction, resulting in an one-dimen-
sional array of parallel monatomic steps, each 3.9 nm
wide.29,30 Au(788) has been used as a template for
various organic molecular growths, such as C60 and
PTCDA.33,34

Here, we demonstrate the rapid self-assembly of
DCP on flat Au(111) terraces and on stepped Au(788)
vicinal surfaces. Flat Au(111) terraces support ordered
SAM domains with six orientations, while a single-
domain SAM with striking long-range order forms on
Au(788). These SAM formations are attributed to a
delicate energy balance between molecule-molecule

interactions and molecule-substrate interactions.35

Density functional theory (DFT) calculations reveal
single-molecule electronic structures and the lattice
parameters of a free-standing DCP monolayer. Overall,
a comprehensive understanding of theDCPmolecular/
electronic structures and single-domain SAM forma-
tion over large areas is achieved. The results have
significant implications for the rapid, low-cost fabrica-
tion of organic thin-film electronic devices with pre-
cisely defined molecular assemblies.

RESULTS AND DISCUSSION

The DCP molecular structure is shown in Figure 1a,
and a space-filling model of DCP molecules with
calculated atomic positions is given in Figure 1b.
Figure 1c shows a constant current STM topography
of a single DCP molecule adsorbed on a flat Au(111)

Figure 1. (a) 6,13-Dichloropentacene (DCP) molecular structure. (b) DCP molecular space-filling model: carbon atoms are
shown in gray, hydrogenatoms inwhite, and chlorine atoms in green. (c) High-resolution constant current STM topographyof
a single spindle-shapedDCPmolecule on an atomically resolvedgold substrate (295K,Usample =þ1.3 V, 0.1 nA). Here, the long
axis of the DCP backbone is aligned with the top of three gold atoms along the least compact direction of Au(111). Density
functional theory (DFT) simulation of the HOMO (d) and the LUMO (e) for an isolated DCP molecule.
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terrace. The brighter spindle-shaped contrast shows
the DCP electron orbital contour. The subtle corruga-
tion of the background reveals the atomically resolved
gold surface. The long axis of the individual DCP back-
bone is found to align on top of gold atoms along both,
the least or most compact directions of the gold
substrate. By comparing Figure 1c with our DFT-calcu-
lated HOMO and LUMO electron orbitals of an isolated
DCP molecule, shown in Figure 1d,e, respectively, we
can infer that the electron orbital contour in the STM
topography closely resembles the LUMO structure.
This conclusion is also consistent with the tunneling
conditions: positive sample bias (þ1.3 V) is applied
such that electrons tunnel from the tip to the unoccu-
pied electron orbitals of DCP. The tunneling voltage is
very similar to the one used to obtain the LUMO
topography for pentacene on Au(111).13

The DCP molecules start to aggregate with increas-
ing coverage, and ordered structures form close to
monolayer coverage on flat Au(111) terraces. Figure 2
shows the DCP SAM on a flat Au(111) terrace with
several small, ordered domains of various high-sym-
metry orientations. We observe six distinct domain
orientations sorted in two distinguishable groups, as
marked with green solid and blue dashed lines, re-
spectively. Three domain orientations in each group
are approximately 120� apart; each domain orientation
in one group is perpendicular to a corresponding
domain orientation in the other group (Figure 2 inset).
These domain orientations suggest that the DCPs align

along two preferential orientations with respect to the
substrate: the most and the least compact directions
(Figure 2 inset). The orientations along the most com-
pact direction are favored, as observed in Figure 2,
suggesting a stronger coupling between themolecular
orbitals and the surface.
Ordered domains of DCPs on the flat Au(111) ter-

races are multidirectional and short-ranged. Remark-
ably, however, a unidirectional, long-range-ordered
and stable DCP SAM structure is observed on the
vicinal Au(788) surface shown in Figure 3a. Figure 3b
shows a perfect long-range-ordered, single-domain
DCP SAM on Au(788) with molecular resolution. DCP
molecules precisely align in a head-to-tail fashion
parallel to the steps, along a most compact direction of
the narrow Au(111) terrace. Each step terrace holds
exactly five molecular chains. The parallel monatomic
steps on Au(788) select only one of the six possible SAM
orientations due to the molecule-step interaction. The
SAM structure depends closely on the substrate mor-
phology; extra molecules are needed to reside on the
kink area of the third step from the left in Figure 3b. The
long-range-ordered SAM extends over hundreds of
nanometers on well-defined Au(788) steps (Figure 3c).
This DCP SAM structure differs significantly from

previously reported pentacene SAM structures on
metal surfaces.15-27 Because of the existence of 6,13
chlorine atoms, each molecule is centered between
two molecules of the adjacent rows on both sides. In
other words, one molecular row is shifted a half-
molecular length with respect to its neighboring row.
The resulting superstructure is of significant interest as
it resembles a perfect brick-wall pattern. For pure
pentacene, no such row-by-row half-molecular-length-
shifted superstructure is known to exist. With 6,13
chlorines in place, DCP has less freedom along the
backbone long-axis direction. The calculated closest
contact Cl-H distance between atoms from two ad-
jacent molecules is 0.277 nm, with the C-H-Cl angle
of 142� (Figure 3d); the calculated closest H-H dis-
tance between two DCP molecules in neighbor-
ing rows is 0.207 nm, and within the same row, it is
0.213 nm. These H-H van der Waals interactions
should be weaker in strength than the Cl-H hydro-
gen-bonding interaction, suggesting that intermole-
cular hydrogen bonding plays an important role in
SAM formation and long-range order.
In addition, we find that, even on some narrower

steps on the same surface, DCPs still arrange them-
selves in the unidirectional, long-range-ordered fash-
ion (Figure 4). The narrower steps of approximately
1.6 nm width are believed to represent a (577) surface
region, belonging to the family of {111} step vicinal
surfaces.30 The molecular brick wall is preserved
along the step, and each narrow terrace holds only
two molecular chains (Figure 4) forming a ribbon
structure.

Figure 2. STM image of DCP SAM on a flat Au(111) terrace
(295 K, þ 0.9 V, 0.1 nA). Ordered domains with six different
orientations are distinguished in twogroups asmarkedwith
green solid and blue dashed lines, respectively. The inset
shows those lines moved to a common center. Three green
solid (blue dashed) lines, approximately 120� apart, align
along the most (least) compact direction of the (111) sub-
strate. The black dotted line denotes one of the compact
directions along the step edge of the (111) terrace.
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Overall, the SAM structures are consistent on both
flat and stepped vicinal surfaces. The unit cell of
the ordered SAM is approximately 1.5((0.1) nm�
1.0((0.1) nm, with an acute angle of approximately
42�. This is consistent with DFT calculated results for
the free-standing DCP monolayer (Figure 3d) that
give a unit cell of 1.62 nm � 1.07 nm with a 40.5�
angle. All findings lead to the conclusion that center-
shifted molecular rows (i.e., brick-wall SAMs) repre-
sent the best possible option for minimizing inter-
molecular hydrogen-bonding energies while main-
taining favorable molecule-step interactions. While
the DCP brick-wall SAM can form regardless of the
stepped surface, the stepped surface forces the
molecules to assemble into one direction with ex-
traordinary long-range order. Furthermore, the step

width controls the number of molecular chains on
each terrace.

CONCLUSION

We have demonstrated the rapid fabrication of a
nearly perfect self-assembled monolayer (SAM) com-
posed of single-domain 6,13-dichloropentacene (DCP)
over large areas on Au(788). The DCP molecules pre-
cisely organize into a center-shifted brick-wall struc-
ture on the stepped Au(788) surface. Scanning
tunneling microscopy results show that the ordered
DCP SAMextends over hundreds of nanometers. These
findings strongly suggest that a bottom-up strategy of
molecular self-assembly is a feasible approach for the
rapid fabrication of organic molecular electronic de-
vices with precisely controlled thin-film architectures.

METHODS
Our experiments were performed in an ultrahigh vacuum

chamber with a base pressure of e1.0 � 10-10 mbar. The

Au(788) vicinal single crystal surface was cleaned by repeated

cycles of argon ion sputtering (600 eV, 1.0 � 10-5 mbar),

followed by annealing up to 500 �C. The DCP molecules, in

Figure 3. (a) Clean-stepped Au(788) vicinal surface. (b) DCP SAMon Au(788) (295 K,þ 0.9 V, 0.1 nA); each step holds five rows
of close-packed DCPwith an oblique unit cell of approximately 1.5 nm� 1 nm. The substrate orientation is the same as in (a).
The black dashes on the bottom indicate the step edge locations. (c) Large-scale (slope-corrected) STM image of highly long-
range-orderedDCPSAMonAu(788) (295 K,þ 0.9 V, 0.1 nA). (d) DFTmodel of the free-standingDCPSAMstructure. Each row is
shifted by a half-molecular length with respect to its adjacent row to form a molecular brick-wall structure. The calculated
value of the unit cell is 1.62 nm � 1.07 nm.
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powder form, were deposited in situ onto the surface at room
temperature via physical vapor deposition from a home-built
Knudsen cell, and the molecular coverage was controlled
by exposure time. The flux used throughout our study was
approximately 6 ML/h or 10 min per single DCP monolayer.
The STM images were acquired by a SPECS-Aarhus system at
room temperature. Our DFT calculations were carried out using
the ABINIT package employing a plane-wave basis set for
a repeated-slab structure.36 We used the local density approx-
imation (LDA) with Troullier-Martins pseudopotentials. The
Brillouin zone integrations for the DCP lattice used a 4 � 3
k-point grid. The vacuum gap between the slabs was fixed
at 1.06 nm. The plane-wave cutoff energy was set to 50 hartree.
The atomic positions and in-plane lattice constants were re-
laxed until the forces were less than 0.025 eV/nm under the
constraint of one molecule per unit cell.
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