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The weakly interacting interface, perylene on Ag�110�, has been systematically investigated in detail with
molecular-beam epitaxy and low-energy-electron diffraction �LEED�, low-temperature-scanning-tunneling mi-
croscopy �STM�, and first-principles calculations. The overall process of perylene monolayer growth has been
clearly discussed by LEED and STM. The monolayer structure is sensitive to growth conditions because
perylene has a poor self-assembly ability on Ag�110�. However, we achieved the control of the formation of the
uniform perylene monolayer composed of only one superstructure. The locally distributed metastable structures
produced on certain growth conditions were also discussed.
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I. INTRODUCTION

The investigation of various organic/metal interfaces is
currently attracting considerable interest.1–6 While organic
multilayer is practically applied in organic electronics and
optoelectronics, the organic/metal interfaces play a crucial
role in the performance of the molecular devices.7–19 Self-
assembly is one of the few practical “bottom-up” methods to
prepare organic nanostructures. Previous work on molecular
self-assembly shows that the molecular adsorption configu-
rations are strongly affected by the surface structure of the
substrate and the balance between intermolecular interaction
and molecule-substrate interaction. In some cases, surface
structure can serve as a template for the formation of one- or
two-dimensional molecular nanostructures.4,5,20 In other
cases, the molecular self-assembly on flat and unstructured
surfaces can be realized by strong molecule-substrate inter-
action or intermolecular interaction.1,21 All the cases men-
tioned above have strong self-assembly ability that easily
leads to the formation of crystalline structures. However, for
a large proportion of organic/metal systems, the molecule-
substrate interaction, the intermolecular interaction and the
template-influence of the substrate are all quite weak; hence
the fabrication of highly ordered molecular nanostructures is
quite sensitive to growth conditions due to the lack of inter-
nal dominating driving force for self-assembly.3,22 These sys-
tems can therefore be classified as weakly interacting. Deco-
rating the molecules with functional groups can effectively
enhance molecule substrate or intermolecular interaction;
thereby molecular self-assembly with a high degree of order
can be realized.23,24 However, the electronic or optoelec-
tronic properties of the molecules are changed accordingly.
Therefore, understanding and controlling the self-assembly
for the weakly interacting system are significant in organic
electronics and optoelectronics.

Perylene �C20H12� and its derivatives have attracted con-
siderable interest in recent years because of their excellent
performance in electronic17,25 and light emitting
devices.16,26–28 Considerable studies of the growth of
perylene crystals29 and thin films30–32 have been reported.
Previous studies on perylene/metal interfaces show that
perylene molecules have strong interaction with Cu�110�,31,32

whereas weak interaction with Ag�111�22 and Ag�110�.30

Considering the fact that organic semiconductors on single-
crystalline metal surfaces are typical systems for injection
contacts in OFETs and OLEDs, and that silver has a rela-
tively high work function �4.52eV�, we select Ag�110� as the
substrate in our experiment.

The adsorption of perylene on Ag�110� has been investi-
gated with molecular-beam expitaxy �MBE� and low-energy-
electron-diffraction �LEED�.30 In Ref. 30, the authors dem-
onstrated the transition of the LEED pattern during the
growth of perylene on Ag�110�. One final superstructure and
one intermediate superstructure were determined by LEED,
and three other superstructures were observed but not dis-
cussed in detail. Perylene forms several superstructures un-
der slightly different growth conditions, which indicates that
the perylene/Ag�110� interface has poor self-assembly abil-
ity. Nowadays, scanning tunneling microscope �STM� has
been widely used in studying organic/metal interfaces. In
comparison with LEED, STM has a much higher space reso-
lution, which allows investigating the nanostructures at
single molecular level. STM can detect the local properties,
such as steps, dislocations, locally distributed structures, de-
fects, domain boundaries, etc. In addition to this, high-
resolution STM imaging helps to identify the molecular con-
figurations in combination with first-principles calculations,
which is beyond the capability of LEED. Therefore, investi-
gation with STM is necessary to understand in depth the
perylene/Ag�110� interface. In the present paper, we inves-
tigate the perylene/Ag�110� interface with low temperature
�LT� scanning tunneling microscopy and LEED. To our
knowledge, no STM results on perylene/Ag�110� have been
reported before. Submonolayers at three typical coverages
are discussed in detail. By finely controlling the growth con-
ditions, we obtained one perylene monolayer composed of
single superstructure different from those reported in Ref. 30,
with few defects and rather large domain size. First-
principles calculations are conducted to identify the molecu-
lar configuration and calculate the adsorption energy.

II. EXPERIMENTS

All the experiments were performed with an Omicron
UHV MBE-LTSTM system with a background pressure be-
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low 3.0�10−10 mbar. The Ag�110� surface was cleaned by
repeated cycles of Ar+ sputtering �1keV, Ar+5.9�A/cm2� and
subsequent annealing to 700K. Then the cleanliness of the
surface was checked by LEED and LT-STM. Perylene
�Acros, 99+%� materials were effectively purified using the
temperature gradient sublimation method33 and immediately
loaded into the sublimation cells. The cells were kept at
338K for 24 h to be degassed thoroughly before evaporation
experiments.

The evaporation experiments were conducted with MBE-
LEED �Refs. 3 and 34� which allows in situ recording of
diffraction patterns in real time during molecular deposition.
The electron energy is set at 12 eV to record the LEED
pattern during the adsorption of perylene on Ag�110� surface.
The LEED pattern appears like a halo at dilute coverage,
changes into a diffuse ring with the coverage increasing, then
decays into diffuse spots with the coverage close to one
monolayer, and finally shows sharp diffraction spots at
monolayer coverage. We define a monolayer with a molecu-
lar coverage of about 5.0�1013 molecules per cm2.

All the STM experiments were performed with the Omi-
cron LT-STM. Perylene molecules cannot be clearly imaged
with STM at room temperature at both submonolayer and
monolayer coverage due to the high molecular mobility on
the silver surface. Therefore, it is necessary to conduct STM
scanning at lower temperatures where the molecules have
rather low mobility. Therefore, after the sample was pre-
pared, it was cooled down very slowly to low temperatures.
All the STM measurements were conducted at low tempera-
tures using a chemically etched tungsten tip that was care-
fully cleaned before any measurements. For our STM, the
voltage bias refers to the sample with respect to the tip. All
the STM images in this paper were recorded in a constant
current mode.

III. RESULTS AND DISCUSSION

A. Submonolayer

After a small number of perylene molecules were depos-
ited onto the silver surface at 320 K, as shown in Fig. 1�a�,

most of the molecules adsorb on step edges, while only a few
molecules were observed on terraces, which indicates that
the sites at step edges on Ag�110� are more active, compared
with the sites on terraces, for the adsorption of perylene at 77
K. All molecules along step edges lie below step risers in the
form of isolated molecules without uniform intermolecular
distance. Under typical tunneling conditions U=−1.3 V and
I=0.09 nA, the apparent height of the molecules is about 1
Å, roughly equals the height of a Ag�110� step. There is a
depression of about 0.4Å between molecules and the silver
layer above the step risers, as indicated by the line profile
from A to B in Fig. 1�a�. The configuration of the molecules
adsorbed on step edges is different from the “flat-flying”
configuration on terraces due to the existence of the micro-
facets at steps edges.

Surface steps, in many cases, are the preferential adsorp-
tion sites for molecules.35–37 Benzene molecules prefer to
adsorb on �11̄0� step edges on Ag�110� surface.35 Pascual et
al. explain that the �001� step edges are less active adsorption
sites than the �11̄0� step edges due to their different elec-
tronic structures. In our experiments, however, perylene mol-

ecules can be observed on both �001� and �11̄0� step edges.
So the existence of a gap in the density of states at the Fermi
level,38,39 which is believed to be responsible for the prefer-

ential adsorption of benzene on �11̄0� step edges on the
Ag�110� surface,35 does not induce similar adsorption pref-

erence between �001� and �11̄0� steps of the Ag�110� surface
for perylene.

The diffuse halolike LEED pattern appears and expands
from the center when the coverage further increases; see the
inset of Fig. 1�b�. The expansion of the halo is the result of
increasing the coverage and thus decreasing the average in-
termolecular distance. Figure 1�b� is a typical STM image
showing the scenario after the sample was cooled down to 7
K. The submonolayer was fabricated by depositing about
3.1�1013 molecules per cm2 on the substrate at 320 K. It
can be seen that all the molecules distribute on the silver
surface homogeneously and disorderly at this coverage. Ex-
tensive STM images show that the molecules on step edges

FIG. 1. �Color online� �a� STM image
�30 nm�12 nm,U=−1.7 V, I=0.09 nA� of the
initial adsorption stage of perylene on Ag�110�
surface. The attached curve is the line profile
�from A to B in STM image� across a molecule
adsorbed along the �001� step edge. �b� STM
image �35 nm�35 nm,U=−1.8 V, I=0.04 nA�
showing the scenario after one submono-
layer, with a molecular coverage of 3.1
�1013 molecules per cm2, was cooled down to 7
K. The inset shows the LEED pattern �12 eV� of
this sample. �c� STM image �35 nm�35 nm,U
=−1.7 V, I=0.11 nA� showing the scenario after
another submonolayer, with a molecular coverage
of 4.6�1013 molecules per cm2, was cooled
down to 77 K. The inset shows the LEED pattern
�12eV� of this sample.
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do not act as capturing nucleus for further growth from steps
during the cooling process because no condensed molecular
islands are observed near steps. On terraces, molecules do
not aggregate into condensed molecular islands either. This
growth mode is ascribed to the weakness of intermolecular
interaction, and typical for weakly interacting systems.

Further increasing the coverage, the diffuse halolike
LEED pattern changes into the diffuse ringlike pattern, and
then evolves into several bright divisions, as shown in the
inset of Fig. 1�c�. The brightness division at higher coverage
indicates that the disordered distributing of the molecules
gradually evolves into quasiordered arrangement. Figure 1�c�
shows a typical STM image of the scenario after the sample
was cooled down to 77 K, a much higher temperature than
that for Fig. 1�b� due to the depression of lateral diffusion of
molecules at higher coverage. The submonolayer was fabri-
cated by depositing about 4.6�1013 molecules per cm2 on
the substrate at 320 K. Figure 1�c� shows that the molecules
are in a quasi-ordered arrangement with a high density.

B. Monolayer

Highly ordered perylene monolayer was fabricated by
evaporating about 5.0�1013 molecules per cm2 onto the
Ag�110� surface at 320 K. The structure of the monolayer
was determined by analyzing LEED pattern at room tem-
perature and high-resolution STM images at 77 K. To cap-
ture the diffraction spots of the perylene superstructure and
those of the silver substrate in one picture, the electron en-
ergy was increased up to 33 eV. Figure 2�a� shows the cap-
tured LEED pattern, including twelve diffraction spots of
perylene superstructures and four of silver substrate. The
molecular superstructure has two domain orientations mir-
rored at the crystal axis of the Ag�110� substrate, which is
induced by the two-fold symmetry of the substrate. The
rather high molecular mobility at room temperature induces
a rather large Debye Waller factor that causes a significant
attenuation of the diffraction spots. Approximately, a com-
mensurate superstructure is determined by the LEED pattern

�b1

b2
� = �4 1

1 3
��a1

a2
� .

STM results at 77 K indicate the same superstructure. In
many cases, the difference in thermal expansion coefficient
of the metal substrate and the organic adlayers leads to struc-
tural transition with temperature. However, in our experi-
ments, there is no obvious difference between the structure at
room temperature and that at 77 K.

Figure 2�b� shows the structural relation between the mo-
lecular superstructure �b1 ,b2� and the Ag�110� substrate lat-
tice �a1 ,a2�. The unit cell vectors of the Ag�110� substrate
are a1=2.889 Å and a2=4.086 Å. According to the above
matrix, the unit cell vectors of the perylene superstructure are
b1=16 Å and b2=15 Å with an enclosed angle of �=57°.
The enclosed angle between b1 and a1 is �=19°. The ad-
sorption sites of perylene molecules relative to the Ag atoms
of the substrate are arbitrarily chosen in Fig. 2�b�.

Figure 3�a� shows an STM image of the highly ordered
perylene monolayer. There is only one domain in the entire
scanning area. Our STM experiments show that the size of
single domain is far larger than 115 nm, which is close to the
upper limit of the scanning range for molecular resolution;
that is, the density of domain boundary is rather low. Figure
3�b� shows the domain boundaries. Even near these bound-
aries, the highly ordered arrangement is maintained, and only
several molecules are mismatched.

To identify the specific adsorption sites of perylene mol-
ecules on Ag�110� surface, first-principles calculation has
been conducted. First-principles calculations were carried
out using density functional theory �DFT�, the Perdew-Wang
�PW91� generalized gradient approximation �GGA� for
exchange-correlation energy,40 Vanderbilt ultrasoft
pseudopotentials41 and a plane wave basis set as imple-
mented in the Vienna ab initio simulation package �VASP�
code.41,42

First, we considered the possible adsorption configura-
tions of individual perylene molecules on Ag�110�. Indi-
vidual perylene molecules prefer the “lying-flat” adsorption

mode with their long axis parallel to the �11̄0� direction of
silver substrate.43 Seven typical adsorption configurations

FIG. 2. �Color online� �a� LEED pattern of a highly ordered
perylene monolayer. The beam energy is 33 eV. The diffraction
spots of the perylene superstructure are symmetric with respect to
the two directions indicated in the image. �b� The structural relation
between the perylene superstructure and the silver substrate in real
space. The adsorption sites of perylene molecules are arbitrarily
chosen. b1=4a1+a2, b2=a1+3a2, b1=16 Å and b2=15 Å.

FIG. 3. �Color online� �a� STM image �115 nm�115 nm,U
=−1.7 V, I=0.08 nA� of the highly ordered perylene monolayer
without any domain boundaries. �b� High-resolution STM image
�30 nm�30 nm,U=−0.9 V, I=0.21 nA� showing the domain
boundaries.
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exist with different adsorption sites, as shown in Fig. 4�a�.44

Second, we conducted energy optimization of a perylene su-
percell. The seven types of supercells from S-A to S-G are
based on the seven configurations of individual molecules
from A to G. The results indicate that, for all seven types of
supercells, the molecular plane is approximately parallel to
the silver surface with a slight bend and the long axis of

molecules is approximately parallel to the �11̄0� direction.
The slight offset of optimized molecular positions from the
original positions is ascribed to the spontaneous symmetry
broken of the system. The molecule-substrate distances, de-
fined as the height difference between the average height of
C atoms in perylene molecules and that of Ag atoms in the
first layer, are 3.10 Å for S-B, 3.14 Å for S-D, 3.21 Å for
S-F, 3.27 Å for S-E, and over 3.40 Å for the other three
supercells. In the S-B and S-D, the C-Ag bond lengths of the
four C atoms, indicated by the gray color in Figs. 4�b� and
4�c�, are smaller than those of the other C atoms are in the
same molecule, which leads to the slight bend of the molecu-
lar plane. The average C-Ag bond lengths of the four C
atoms shown in gray are 3.05 and 3.07 Å for S-B and S-D,
respectively. These values are between the bond length of the
typical C-Ag covalent bond and that of the typical van der
Waals bond, which indicates that the secondary chemical in-
teractions between molecules and substrate occur via these
closely bonded C atoms in the S-B and S-D. The adsorption
energy values are 311 meV for S-B, 304 meV for S-D,
around 270 meV for S-E and S-F, and below 200 meV for
the other three supercells, respectively. So the adsorption en-
ergy decreases with the increase of molecule-substrate dis-
tance. The S-B has the highest adsorption energy and the
smallest molecule-substrate distance, thereby is the most
stable configuration for perylene on Ag�110�, as shown in
Fig. 5�a�.

In order to check the validity of our calculation, we simu-
lated the STM image of fully relaxed stable structure S-B by
calculating the density of states �DOS� using the Tersoff-
Hamann approach.45 Typical tunneling conditions in our
STM experiments, U=−1.2 V and I=0.13 nA, are used in
our simulation. The simulated STM image, as shown in Fig.
5�b�, is in good agreement with the STM image obtained in
our experiments �see Fig. 5�c��.

The growth of perylene monolayer on Ag�110�, as de-
scribed above, represents one typical growth mode for or-
ganic thin films. The growth process is inherently a nonequi-
librium phenomenon governed by the competition between
kinetics and thermodynamics. The diffusion of a molecule on
a flat terrace is by far the most important kinetic process in
monolayer growth. The surface diffusion coefficient D is re-
lated with the site to site hopping rate of a molecule ks by
D=a2ks, where a is the effective hopping distance between
sites and ks�exp�−Vs /kBT), where Vs is the potential-energy
barrier from site to site, T is the substrate temperature, and kB
is the Boltzmann constant. In our experiment, if perylene
molecules are deposited on the Ag�110� surface at a constant
deposition rate F, then the ratio D /F determines the average
distance that a perylene molecule has to travel to be localized
at its final adsorption sites before the coverage is increased
up to one monolayer, because perylene molecules do not
aggregate into molecular islands in the submonolayer re-
gime. The ratio of deposition to diffusion rate D /F is thus
the key parameter characterizing growth kinetics. In the case
of large values of D /F, growth occurs close to equilibrium
conditions; that is, the molecules have enough time to ex-

FIG. 4. �Color online� Schematic diagrams for
the optimization of perylene supercells on
Ag�110�. �a� Seven supposed adsorption configu-
rations of single molecule with different adsorp-
tion sites �A–F�. They are all adsorbed in “lying-

flat” mode with their long axis along the �11̄0�
direction of the Ag�110� surface. U and L repre-
sent the upper and lower atoms in the first layer
of the Ag�110� surface, respectively. �b� The mo-
lecular configuration of the optimized S-B
perylene supercell. �c� The molecular configura-
tion of the optimized S-D perylene supercell.

FIG. 5. �Color online� �a� The model of the favorable super-
structure S-B obtained with energy optimization. �b� Simulated
STM image �−1.2 V� of perylene S-B superstructure. �c� Experi-
mental STM image �4 nm�4 nm,U=−1.2 V, I=0.13 nA� of
perylene superstructure.
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plore the potential energy surface so that the system reaches
a minimum energy configuration. On the contrary, in the case
of small values of D /F, the growth is essentially determined
by kinetics; individual processes, especially those leading to
metastable structures, are increasingly important.

The perylene superstructure is sensitive to growth condi-
tions. The uniform monolayer superstructure obtained in our
experiment is different from those reported in Ref. 30, which
is the result of different growth conditions. The deposition
rate was about 4�10−3 ML/min for the preparation of the
uniform monolayer discussed above. The growth with a
higher deposition rate, about 1�10−2 ML/min, leads to the
formation of many metastable structures. All the observed
metastable structures are locally distributed in the mono-
layer, and cannot be detected from LEED patterns. These
structures are very complex, and difficult to be well charac-
terized one by one. Figure 6�a� shows the STM image of one
modal structure including two domains due to the twofold
symmetry of the Ag�110� substrate. By analyzing a large
number of STM images of the modal structure and those of
atomic-resolution uncovered Ag�110� surface, the modal
structure is determined as follows:

�c1

c2
� = �4 0

1 2
��a1

a2
�

Fig. 6�b� shows the structural relation between the modal
metastable structure (c1 ,c2) and the substrate lattice (a1 ,a2).
According to this model, the unit cell vectors of the perylene
superstructure are c1=11.6 Å and c2=8.7 Å with an enclosed

angle of �=70.5°. The measured enclosed angle directly
from STM images is around 70 ° which is in good agreement
with this model. In this model, the molecular configuration is
assumed as “flat-flying” with respect to the substrate and

molecular long axis parallel to �11̄0� direction, which is rea-
sonable according to the theoretical calculations;43 however,
the specific adsorption sites are arbitrarily chosen. This
modal structure, with an average size around 10nm, is inter-
spersed in the monolayer by an average distribution density
of about 5 per 100 nm�100 nm.

The high sensitivity of the perylene monolayer structure
to the growth conditions is due to the fact that the difference
in adsorption energy between the stable structure and the
metastable structures is rather small. We attribute this differ-
ence to the weak intermolecular and molecule-substrate in-
teractions. Therefore, in order to fabricate monolayers with
uniform structure, growth conditions should be controlled
precisely. Because of this, molecular self-assembly in weakly
interacting system is full of challenges. On the other hand,
for a weakly interacting system, the weak intermolecular in-
teraction and molecule-substrate interaction facilitate the un-
usually low density of domain boundaries in monolayers,
which results in good performance in OFETs and OLEDs.

IV. CONCLUSIONS

In summary, we have systematically studied the interface
between perylene and Ag�110� from very low coverage to
monolayer coverage by combining STM, LEED, and first-
principles calculations. The growth mode of the
perylene/Ag�110� interface is typical for weakly interacting
systems. Due to the weakness of both the molecule-substrate
and molecule-molecule interactions, perylene shows poor
self-assembly ability as discussed above. However, by finely
controlling the growth conditions, we succeeded in the fab-
rication of the perylene monolayer of high quality. The
present work indicates that it is feasible to realize the exquis-
ite control over the formation of nanoscale structures in
weakly interacting systems.
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