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Transparent, flexible, and conductive graphene sheets form an ideal
substrate for the fabrication of organic light-emitting diodes.
In order to obtain an optimal final device, it is vitally important to
understand the underlying nucleation and growth processes. Here,
the growth of para-sexiphenyl (6P) thin films on Ir(111)-supported
graphene and on Ir(111) has been investigated. Special attention
has been given to directed and concerted diffusion processes of 6P
molecules on graphene grown on Ir(111). From the movement of large
islands, which are formed by flat-lying molecules, across wrinkle-free
graphene areas, the activation barrier for the diffusion of 6P
molecules along step edges of 6P islands has been estimated to be
approximately 0.26 eV. For the case of 6P growth on Ir(111), ramified
islands formed by upright-standing molecules are found. Here,
heteronucleation, in combination with particularities in the shape
of possible smallest stable clusters, is identified as the root cause
for the measured critical nucleus size of zero.

Introduction
The full understanding of growth mechanisms and molecular
processes during the deposition of organic thin films is a
prerequisite for the further advent of organic electronics [1].
Devices based on small conjugated molecules are starting to
enter the market but are limited in performance. These
limitations arise at least partially from rough film
morphology, misaligned grains, and the resulting grain
boundaries [2, 3]. Although the understanding of the
underlying growth processes is currently improving rapidly
[4, 5], a widely accepted method for achieving the desired
layer-by-layer growth is still to be found. An extensive
growth study of the organic semiconductor molecule
para-sexiphenyl (6P) on metal-supported graphene flakes,
as well as on their Ir(111) metal support, has been
performed by our group [6, 7]. The achieved layer-by-layer
growth at low temperatures and the transition to a
Stranski-Krastanov-like growth at a relatively high
temperature is rooted in the interactions of 6P with both
graphene and its supporting substrate Ir(111).

In this paper, we describe in detail the nucleation, island
evolution, and diffusion of 6P deposited on graphene
flakes and on Bclean[ Ir(111) parts. The substrate-induced
changes of the diffusion behavior are described in detail,
and models for the critical nucleus are proposed.
The combination of the organic semiconductor 6P,

graphene, and the well-established deposition technique of
organic molecular-beam deposition (OMBD) will allow
future flexible and low-cost devices based on small
conjugated molecules. 6P is well suited for the fabrication of
blue [8] or color-tunable [9] light-emitting diodes.
In addition, graphene is a flexible, highly conductive, and
transparent electrode material [10, 11], ideally suited as a
technological substrate for organic semiconductors [12, 13].

Methods
Graphene flakes were grown on an Ir(111) surface [14].
The metal crystal was cleaned by high-temperature exposure
to oxygen. Graphene was then formed by thermal
decomposition of ethylene on the hot Ir(111) surface [15].
Sublimation-purified 6P was purchased from TCI
Europe N.V. Low-boiling-point impurities were carefully
removed by thoroughly outgassing the source material for
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several hours. 6P was deposited onto the sample by means of
a resistively heated Knudsen-cell evaporator designed for
organic molecules. The substrate temperature was fixed at
240 K during deposition.
An Elmitec low-energy electron microscope (LEEM) III

was used to record images every second. The growth of
graphene was followed in real time using photoemission
electron microscopy (PEEM) until sufficiently large flakes
had formed on the surface. The molecular film formation
was followed using LEEM with a start voltage of 2 eV,
well below the band gap of 3.1 eV for 6P. As a result,
no beam-induced degradation of the films was observed.

6P on graphene flakes
The layer-by-layer growth of 6P on graphene flakes at 240 K
proceeds in an interesting two-step mechanism. In the first
step, islands, composed of a relatively low density of
flat-lying molecules, are formed on the graphene surface.
With increasing coverage, these transform into a denser full
first monolayer (ML) that now exhibits the structure of the
ð1�1�1Þ plane of bulk 6P, i.e., the layer then consists of
interdigitating rows of molecules, rotated with respect to one
another. This process is described in full detail elsewhere [6].
However, the nucleation and growth of the initial islands,
as well as their mobility, require more specific attention.
Figure 1 shows three LEEM images recorded within a

time period of 2 seconds. Figure 1(a) shows the initial
situation. An island has nucleated next to a wrinkle and has
grown to a size of roughly 50,000 nm2. The aspect ratio of
the island is 1.0:1.9. Figure 1(b) shows the same island
only one second later. It has elongated (aspect ratio: 1:3;
size: 55,000 nm2) and is about to detach from the wrinkle that
acted as the nucleation site. When again, one second later, the
process is completed [see Figure 1(c)], the center of mass
of the island has moved 280 nm. The new position is clearly
detached from the original nucleation site. The island shape
returns to a more rounded outline (aspect ratio: 1.0:2.3;
size: 61,000 nm2) after the movement is completed. Note
that deposition continued during the sequence of images.
Careful analysis of many nucleation events reveals that the

6P islands start to grow in areas close to the wrinkles or next
to wrinkle crossings. Highly curved graphene areas as the
wrinkles themselves are unfavorable for the deposition of
organic molecules [16]. Nevertheless, the islands nucleate in
close proximity of the wrinkles. This can be explained by the
following observation.
The wrinkles are formed during cool down of graphene to

room temperature in order to relieve compressive stress that
originates from the different thermal expansion coefficients
of graphene and Ir [17, 18]. This stress relief is most effective
close to the wrinkles, leading to nearly strain-free graphene in
those regions. In areas further away from the wrinkles,
compressive strain will remain. It is well known that for
metallic systems, diffusion is faster on compressively

strained areas [19–21]. Assuming the same behavior for 6P
on graphene leads to a higher diffusion rate further away
from the wrinkles, as compared to areas adjacent to the
wrinkles. A higher diffusion rate will reduce the nucleation
density on the strained part of the graphene, and nucleation
will preferentially occur close to the wrinkles.
The growth of the 6P island is characterized by an

extremely high molecular mobility, even at low temperatures.
Subsequently, at low coverage, 6P islands can arrange in a
way that minimizes free energy. Although islands Bprefer[
to nucleate close to the wrinkles, they eventually change
shape and diffuse to different locations on the graphene flake.
At least two possible driving forces can be brought forward
to account for this.
First, a strain-based argument is given as a possible driving

force for the island movement. A delicate balance between
the size and shape of a 6P island and the total strain
energy it holds is one of the possible driving forces [22, 23].
As the island grows, tensile strain in the island will increase.
This stress is a result of the lower density of the initial
layer, as compared to the later-formed bulk structure and the
mismatch between the phenyl ring spacing and the graphene
ring spacing. Depending on the balance between stress
and the step free energy, this can result in a shape transition
of the island [24]. In our scenario, however, an additional
pathway for relieving the strain exists. As mentioned,
metal-supported graphene flakes are known to have areas
that exhibit different levels of compressive strain. This
compressive strain is lower next to wrinkles than further
away from these defects. Depending on the local
environment, a large island can thus become more stable in a
more strained area, which is found further away from the
wrinkles. On a compressively strained graphene, the
molecules and the phenyl rings can relax into closer packing
and, therefore, reduce the tensile strain in the island.

Figure 1

Three consecutive LEEM images (1 second between images) showing
the mobility of the initial islands (dark patches) on graphene. A few
graphenewrinkles (thick lines) and steps in the Ir(111) surface (thin lines)
are marked. From left to right: A small 6P island is nucleated in the upper
right corner next to a wrinkle and grows in size. When the accumulated
stress reaches a critical level (middle image), the island elongates and
detaches from the original site in order to move to a location further away
from the wrinkle. The entire process takes 2 seconds.
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A second argument is based on changes in the electronic
structure. The electronic structure of graphene changes under
the influence of the Ir(111) surface and the strain field
created by the epitaxial mismatch [25]. Therefore,
different properties can be expected in areas adjacent to
the wrinkles and further away from them. Little is known
about the precise electronic interaction between 6P and
graphene. However, a slight charge transfer from 6P to the
graphene can be expected based on theoretical work done
for benzene on graphene [26]. From our experiments,
we have no means to differentiate between the two
scenarios. Most likely, both effects are active but with
different strengths.
During the transition shown in Figure 1, an area of

55,000 nm2 has been cleared from the 6P molecules. The size
of the unit cell, which contains one molecule, is 1.56 nm2 [6].
Assuming that the motion of 6P molecules proceeds along
the edges of the island, we can estimate that at least
35,000 6P molecules are needed to move from the back to the
front of the island. This corresponds to a distance of 400 nm.
Assuming the smallest possible step to be on the order
of the graphene lattice constant (2.46 Å), a total of
� ¼ 2:9� 107 hops are necessary to complete the process.
This is an upper limit of hops for a directed movement of the
molecules along the rim of the island. The activation barrier
EA can then be calculated from

� ¼ �0e�
EA
kT ;

where �0 is the attempt frequency, k is the Boltzmann’s
constant, and T ¼ 240 K for the described scenario.
Using �0 ¼ 1� 1013 s�1, an activation energy value of
EA ¼ 0:26 eV is obtained. However, for organic molecules,
high attempt frequencies for desorption are reported
experimentally [27–30] and theoretically [31–33]. For 6P,
in particular, an extreme value of �0 ¼ 5:6� 1025 s�1 is
reported for desorption experiments [29]. Furthermore, a
recent study of 6P on modified mica shows that the
preexponential factor for surface diffusion is also increased
by four orders of magnitude [34]. In addition, Schunack et al.
have observed an anomalous amount of long jumps in the
surface diffusion of large organic molecules [35]. Both
effects, i.e., changes in the apparent attempt frequency and
heaped occurrence of long jumps, might influence
this value.
Although this activation barrier for diffusion is still a lower

limit, since we assume a directed diffusion process along
the edge of the island, it roughly agrees with other
diffusion-related values known for 6P. The binding energy of
benzene on graphene has been calculated to be on the order
of 0.16–0.24 eV [26]. As a first-order approximation,
6P can be seen as a linear combination of six benzene rings.
The binding energy of 6P on graphene is therefore expected
to be between 1 and 1.46 eV. The values for the diffusion

energy values reported here, despite sizable uncertainties,
are substantially lower and thus do not conflict with the
estimated binding energy.
Processes, as illustrated in Figure 1, are always observed

to be confined in an area enclosed by wrinkles. Often, the
path of the islands is also confined by steps in the underlying
Ir. The increased curvature of the graphene sheet at the
position of the Ir(111) step poses a small but observable
obstacle to the growth of the 6P islands. However, the effect
is smaller than that due to the wrinkles. Figure 2 depicts
an island that is first overcoming a step edge, then splits
in two, and finally moves across the graphene flake. Initially,
the island grows in size without crossing the surrounding
steps until 720 seconds of 6P deposition. It then suddenly
crosses the small end of the step-enclosed area and spills out
on the next graphene-covered terrace. There, it quickly grows
in size, covering the area next to the wrinkle. As in the
aforementioned situation, when a certain size is reached,
it detaches from the wrinkle (island size: 117,400 nm2; aspect
ratio: 1:10) and, for this particular case, also separates from
the initial island. It continues to grow (final island size:
300,000 nm2; maximum aspect ratio: 1:13) while the center
of mass moves 810 nm across the surface. After reaching
an area where the mismatch between the 6P island and
the strained graphene becomes small enough, the shape

Figure 2

Sequence of LEEM images recorded during the deposition of 6P on
graphene at 240 K. A narrow island (dark patches in the center), which
is confined between two steps, slowly grows and finally fills the area
enclosed by the steps (deposition time from 640 to 688 seconds).
Thirty-two seconds later, the island overcomes the step and spills out
onto the adjacent graphene-covered Ir(111) terrace (725 seconds of
deposition). As the island on the new terrace grows in size (730 seconds
of deposition), it moves away from the low-strain area next to a wrinkle
(735 seconds of 6P deposition). After reaching an area where the strain
mismatch between the big 6P island and graphene is reduced, it starts to
fill the entire area by reducing its aspect ratio (738 seconds of
deposition). Please be aware of the nonuniform time step between the
images. Wrinkles and Ir(111) step edges are marked by arrows and
dashed lines to guide the eye.

G. HLAWACEK ET AL. 15 : 3IBM J. RES. & DEV. VOL. 55 NO. 4 PAPER 15 JULY/AUGUST 2011



transition is also reversed, leading again to a lower aspect
ratio of 1:6.
A detailed micro-low-energy electron diffraction (�-LEED)

study reveals the precise orientation of the molecules with
respect to graphene lattice [6]. However, a relation of these
data to the real-space orientation of the molecules in each
island is difficult, if not impossible, to determine. From the
way that the islands move on the surface, we can directly
deduct the molecular orientation of the island in real space.
Figure 3 schematically shows a 6P island on a surface.
Molecules are detaching from the left-hand side and
diffusing to the right-hand side of the island (these are
the edges parallel to the molecular axis, referred to as the
parallel edges). This could be caused by a strain field induced
by a wrinkle on the left side and the island exceeding a certain
size. As the molecule diffuses around the island,
no stable bond can be formed at the edge perpendicular to the
long molecular axis (referred to as the perpendicular edge).
Either the crystalline symmetry of the island has to be
broken or the molecule is connected only by a single
hydrogen bond. Both situations are unfavorable compared to
incorporation at the parallel edge, where at least six hydrogen
bonds can be formed without breaking the symmetry of
the crystalline structure. This is a well-known behavior of
many anisotropic molecules. For thicker films, it will lead
to the frequently observed needle- or chain-like growth of
3-D islands [36, 37]. In these 3-D structures, the molecular
axis is oriented perpendicular to the fiber axis. For flat-lying
6P molecules on graphene, it leads to an anisotropic growth
and directed movement of the islands. The preferred
direction of island growth and movement is perpendicular

to the long molecular axis of the 6P molecules forming
the island.
The frequency at which these processes occur and the

speed of the actual transformation result from the high
diffusion rate of individual 6P molecules in this
configuration. As soon as any interdigitating edge-on
molecules are added to complete the first ML, the mobility of
islands is reduced to a negligible value on the timescale of
our experiment. For higher layers, no island mobility is
observed. Compared with the first half layer, they constitute a
more stable structure. This is also evident when comparing
the open structure of the initial layer to the more
bulk-like arrangement of the thicker films [6].

6P on Ir(111)
Figure 4(a) shows a graphene-free part of the iridium surface
after the deposition of 6P has been stopped.
A relatively large number of small irregularly shaped islands
are visible. From �-LEED measurements, we obtain a typical
intermolecular distance of 4.4 Å. This corresponds to
the distance between the center molecule and the corner
molecules in the (100)-plane of bulk 6P. The irregularly
shaped islands on the Ir(111) surface are therefore formed
from upright- standing 6P molecules. Converting the
coverage measured on the graphene flakes of 4.35 ML [6]
of flat-lying molecules to upright-standing molecules,
one expects 0.8 ML of upright-standing 6P. The coverage
obtained from analyzing the LEEM images is only 0.5 ML.
However, it is well known that a high step-edge barrier,
which is effective during the growth of upright 6P islands,
leads to a pronounced mound formation [4]. Assuming
Poisson-shaped mounds, the expected first layer coverage is
55% for a nominal film thickness of 0.8 ML and this is in
good agreement with the measured value.
In comparison to Figures 1 and 2, it is evident that the

nucleation density Ns ¼ 7:2 �m�2 on the iridium surface is
substantially higher than that for graphene, although no
numbers can be given for the latter surface. From the
capture-zone distribution, we can calculate the size of the
critical nucleus, using the distribution function of the general
Wigner-Seitz surmise, as proposed in [38]:

P�ðsÞ ¼ a�s
�e�b�s

2

:

Here, a� and b� are constants given by the normalization and
unit-mean conditions, respectively.1 The fluctuating variable
s ¼ A=hAi is obtained from the areas of the Voronoi cells
around the center of mass for each island. The only fit
parameter � ¼ iþ 2 [39] allows the direct extraction of the
critical nucleus size. In Figure 4(b), the capture-zone
distribution for 6P islands on Ir(111) at 240 K is shown.
The best fit ð� ¼ 1:6Þ and the curves for � ¼ 1, 2, and 3 are

Figure 3

Schematic 6P islands outlining the possible diffusion paths and
preferred incorporation sites. 6P molecules detach from the left and
move toward the right side of the island. The side facets are formed by
the terminating hydrogen atoms of 6P and possess a low sticking
probability. Only the facets terminated by the long side of 6P have a
high sticking probability due to the large number of hydrogen bonds
that can be formed there.

1a� ¼ 2�ðð� þ 2Þ=2Þ�þ1=�ðð� þ 1Þ=2Þ�þ2, and b� ¼ ½�ðð� þ 2Þ=2Þ=�ðð� þ 1Þ=2Þ�2. Here,
the � symbol refers to the gamma function in mathematics.
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shown. The critical nucleus size obtained this way is zero,
which means that a single molecule would be immobile on
the surface, and spontaneous nucleation proportional to the
ad-molecule density should be observable.
To understand this result, we have to remember that

these calculations are, strictly speaking, only valid for
homogeneous nucleation. A critical nucleus size of zero can
be understood in the context of heterogeneous or defect
nucleation [40, 41]. Haas et al. explained the transition from
i ¼ 0 to i ¼ 3 that they observed in the Pd/MgO system
by referring to the presence of defects, which act as traps and
geometrical considerations that will make i ¼ 3 exceptionally
stable [42]. The situation observed here is similar since
both effects play a role in the growth of 6P on the
Ir(111) surface.
First, it is easy to understand that the Ir(111) surface is not

clean. Carbon residues, perhaps in the form of small
graphene flakes, will be present all over the surface. This is
also suggested by the fact that we observe upright-standing
molecules. One would expect a clean metal surface to

have flat-lying 6P molecules [43, 44]. However, it has been
shown that small amounts of carbon on the metal surface will
change the orientation of the molecules and lead to films
formed by upright-standing molecules [45, 46]. Furthermore,
it has been shown that defects such as dangling bonds can
force molecules into an upright orientation, although they
would, in principle, energetically Bprefer[ to lie flat on the
surface [47].
Second, certain assumptions can be made about the form

of the critical nucleus. It is reasonable to assume that
the molecules forming the nucleus are arranged in a
configuration that is close to the bulk herringbone structure.
Figure 4(c) schematically shows 6P clusters starting from
i ¼ 0 to i ¼ 4. The number of completely exposed �-systems
is given for each configuration. It turns out that only i ¼ 0
and i ¼ 4 have a minimum number of two �-systems
completely exposed. In general, one can assume that clusters
with a small number of exposed �-systems are energetically
favored. These numbers are also in reasonable good
agreement with recent DFT calculations, which reveal the

Figure 4

6P growth on Ir(111). (a) LEEM image showing small islands formed by upright-standing 6P molecules on Ir(111). Field of view ¼ 10 �m.
(b) Capture-zone distribution for 6P on Ir(111) grown at 240 K. The best fit (solid line) to the data (stars) and distribution functions of the GWS for � ¼ 1,
2, and 3 (line styles: dash-dot, dash-dot-dot, and dash-dash-dot) are shown. (c) Possible configurations of the critical nucleus for i ¼ 0 to i ¼ 4. Upright-
standing 6P molecules are represented by rectangles with an aspect ratio based on the Van der Waals dimensions of 6P. The �-system of the
molecule is situated on the long sides of the rectangle. The central numbers on yellow background indicate the number of completely uncovered �-
systems, which are marked by red bars.
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smallest stable cluster size of four for upright-standing
molecules [34]. As a result, for a sufficiently high trap
binding energy, the formation of homogeneous nuclei with
i ¼ 1 to i ¼ 3 is suppressed. Only at sufficiently high
temperatures, small clusters trapped at an impurity will
break up, and homogeneous nucleation with i ¼ 4 should
become effective.

Conclusion
In this paper, we have described the diffusion process of 6P
molecules on graphene flakes and on iridium. The initial
island formation on graphene is characterized by a high
mobility value of 6P molecules. This allows for strain-driven
shape and position changes of the initial sub-ML islands.
A delicate interplay between intrinsic strain in the graphene
flakes and strain that builds up with increasing island size is
one of the possible driving forces. However, electronic
effects based on charge transfer between 6P and graphene
and graphene and iridium are another possible cause.
The growth of 6P on the Ir(111) surface yields ramified
islands formed by upright-standing molecules. Using
capture-zone scaling, we obtain a critical nucleus size of
i ¼ 0. This result is interpreted as an indication for
heterogeneous nucleation triggered by a high density of
defects. The defects are most likely carbon clusters remaining
from the graphene formation or possibly small graphene
flakes. As long as the trap binding energy of the defects for
6P is sufficiently high, a homogeneous nucleation with
cluster size between two and three is suppressed. In addition,
we have presented possible configurations for the critical
nucleus for i ¼ 0 to i ¼ 4. Only the last one has a
comparatively small number of fully exposed �-systems. We
interpret this in terms of a reduced stability for the
intermediate nuclei.
In a scenario where nucleation is mostly defect driven, these
cluster sizes are most likely suppressed because of dominant
trapping at defect sites.
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