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Abstract

Molecular films present an elegant way for the uniform functionalization or doping of graphene. Here,
we present an in situ study on the initial growth of copper phthalocyanine (CuPc) on epitaxial
graphene on Ir(111). We followed the growth up to a closed monolayer with low energy electron
microscopy and selected area electron diffraction (tLEED). The molecules coexist on graphene in a
disordered phase without long-range order and an ordered crystalline phase. The local topography of
the graphene substrate plays an important role in the nucleation process of the crystalline phase.
Graphene flakes on Ir(111) feature regions that are under more tensile stress than others. We observe
that the CuPc molecules form ordered domains initially on those graphene regions that are closest to
the fully relaxed lattice. We attribute this effect to a stronger influence of the underlying Ir(111)
substrate for molecules adsorbed on those relaxed regions.

1. Introduction

A wide range of applications for graphene has been proposed following the isolation of individual monolayer
sheets by Geim in 2005 [1]. These applications include the use of graphene as a transparent electrode material for
organic light emitting diodes or organic photovoltaics [2—5], as a growth modifier for organic crystals [6-8], in
single molecule sensors [9—11], or as a replacement of silicon in future high performance electronics [12]. All of
these applications require some means of functionalization of the pristine graphene sheets, either simply for
electronic contacting or to alter its properties as needed, e.g., to induce a band gap for the use in a field effect
transistor. One possible way to achieve this is surface functionalization with adsorbates [13—17]. Ideally, the
adsorbates should be adsorbed at well defined lattice sites on the graphene surface and in a regular way, to keep
the full symmetry and thus properties of the honeycomb graphene lattice. This is a challenge, since due to
graphene’s inertness, the surface energy of most materials on graphene is rather small. As a result most materials
are not growing as smooth films on graphene but rather as clusters.

A viable strategy for functionalization could be the modification with adsorbed molecules [13—-15, 18-20].
The molecules can be deposited on the graphene surface using wet chemistry or vapor deposition techniques. It
is possible to induce and tune an energy band gap and dope graphene by adsorption of molecules [19].

Phtalocyanines represent a particularly appealing class of molecules for graphene functionalization, since
they consist of an organic frame and a metal center atom that can be, for example, Cu, Sn, Zn, Fe or Al.
Phtalocyanines often form regular superstructures on graphene, which opens up the possibility to bring metal
centers with different functionality to specific sites on the graphene lattice [6—8, 21-26]. Understanding and
controlling the crystallization of these molecules on graphene is important to create the functionalization that is
desired.

Here, we present a study on the initial growth of copper-phtalocyanine (CuPc) molecular films on epitaxial
graphene. We followed the deposition of CuPc molecules on graphene it in-situ using low-energy electron

©2016 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
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Figure 1. (al)—(a4) Bright field LEEM image sequence of the deposition of CuPc. The field of view (FOV) is 10 psm, the start voltage is
1.8 V. The black arrows in the first image (al) point at Ir steps (thin lines), graphene wrinkles (thick lines) and the Ir(111) substrate
(dark gray). The white arrow in the third image ((a3), t = 317 s) points at a crystalline CuPc domain. The times in the images refer to
opening the shutter of the CuPc evaporator. (b1)—(b4) £LEED patterns obtained in a separate experiment at similar conditions (start
voltage 6 V). The orange arrows in the first pattern (b1) represent the unit cell in reciprocal space of the graphene Moiré pattern, the
first order Ir(111) spots are not visible as they are outside the Ewald sphere. The Moiré pattern does not change during CuPc
adsorption. The blue arrows in the fourth pattern (b4) indicate the unit cell of one of the CuPc domains.

microscopy (LEEM) and selected area low-energy electron diffraction (tLEED). The first technique allows to
follow the growth of molecular layers at submonolayer coverages with high spatial resolution (down to 2 nm)
while the second enables the structural analysis, both at varying substrate temperature in a large field of view.
The influence of substrate defects, e.g., steps or point defects, on the growth process becomes immediately
apparent. This makes LEEM a powerful tool to investigate the growth of molecular thin films [5, 27-36].

As a substrate we choose epitaxial graphene on Ir(111), grown through the decomposition of ethylene gas at
elevated temperatures on the Ir surface [37, 38]. In this way, it is possible to obtain large individual graphene
flakes of highest quality. The weak interaction of graphene with the Ir(111) substrate expresses itself in a slight
p-doping [23, 39]. The mismatch between the Ir(111) and graphene lattice results in a Moire pattern with a weak
corrugation, that was used before for the selective adsorption of metal clusters or FePc molecules [26, 38, 40].

In this paper we report on our study of the nucleation, growth and structure of an ordered, crystalline CuPc
film that forms at CuPc coverages close to a full monolayer. We show that the nucleation and growth of domains
(crystallites) of the crystalline film is strongly influenced by the local topography of the graphene sheet and the
local alignment of the graphene lattice w.r.t. the underlying Ir(111) substrate.

2. Experimental

The experiments were performed in an Elmitec LEEM ITI low energy electron microscope. The instrument is
aberration corrected with a lateral resolution down to 2.0 nm. The microscope also allows to obtain electron
diffraction patterns from selected areas of less than 1 gm diameter on the surface (tLEED).

AnIr(111) single crystal was prepared by repeated cycles of sputtering with argon (1 kV), heating in oxygen
(1 x 10~® mbar) at approximately 850 K and flashing to >1400 K in UHV. Epitaxial graphene was grown
through chemical vapor deposition by cracking of ethylene molecules at the surface [37, 38, 41]. The growth
recipe we used was as follows: we admitted small amounts of ethylene to a total pressure of 5 x 10~° mbar,
while keeping the substrate temperature constant at around 1300 K. We monitored the growth of graphene
flakes in LEEM until a major fraction of the surface was covered with sufficiently large single crystal graphene
flakes (exceeding 10 pm in diameter, see figure 1(a)). At this point the ethylene gas was pumped off and the
crystal kept at high temperature for a short time to allow residual carbon to attach to graphene flakes. Next, the
crystal was cooled using liquid nitrogen to the temperatures used for the subsequent CuPc growth experiments
(between 220 and 340 K). For each growth experiment we cleaned the Ir(111) surface using the same procedure
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Figure 2. (a) uLEED pattern from a pristine RO graphene flake aligned with the Ir(111) substrate. LEED patterns from 30 to 120 Vin

1 V steps were summed up to obtain a cumulative pattern. Dark red arrows here (and in (b)) indicate the unit cell of the Moiré
superstructure [38]. (b) Diffraction pattern (cumulative pattern from 2.0 to 10.0 Vin 0.1 V steps) obtained from an individual CuPc
domain using an illumination aperture. The pattern shows a square CuPc unit cell (blue arrows) with a lattice constant of

1.38 + 0.04 nm, rotated by about 9° w.r.t. the underlying Moiré pattern. In total we find six equivalent rotational CuPc domains. (c)
Schematic of the Moiré unit cell, (orange dashed parallelogram) and the CuPc unit cell (dark blue square), drawn on top of the
graphene lattice. Note, that we cannot determine the CuPc adsorption sites from the diffraction pattern. (d) Sketch of the CuPc unit
cell. The light blue dashed circles indicate the CuPc van der Waals diameter of freely rotating molecules for comparison. Black circles
represent carbon, green nitrogen and red copper atoms.

and prepared fresh graphene flakes. The recipe results in large flakes, but of varying orientation with respect to
the underlying Ir(111) substrate [42]. Therefore, we checked the crystallographic orientation of the graphene
flakes prior the experiments using LEED (see figure 2(a))”.

Graphene forms different rotational domains on Ir(111) [43]. With the above mentioned growth recipe the
majority of graphene flakes is aligned with the Ir(111) substrate (R0 flakes). The second most abundant
orientations are R30 and R14.4. If not mentioned otherwise, we observed the CuPc on RO flakes, as confirmed
with LEED.

Deposition was performed by evaporating CuPc from a home-made resistively heated Knudsen cell.
Evaporation rates of approximately 2-3 x 107> MLs ™' were used, calibrated by the time needed to obtain a
full, ordered monolayer (ML) in LEEM. We define one monolayer as the density of molecules adsorbed to fully
cover the surface with a single layer.

If not otherwise stated, we collected LEEM images using start voltages between 2.4 and 3.0 V in bright field
mode. We did not observe any electron beam induced damage of the molecular films under the imaging
conditions described here. However, at slightly higher start voltages (>8 V ) we did observe severe damage to the
films and increased mobility of the molecules. We tried to avoid these energies during the experiments. If
unavoidable (e.g. for yLEED experiments), we minimized the electron dose and moved to a new position on the
sample for further experiments.

% Note that LEED patterns recorded in a LEEM instrument have a constant k-space scaling, i.e., diffractions spots do not change their
positions in the image when the electron energy is changed. This is due to the electron optics being operated at very high voltages (20 kV in
our case).
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3. Growth of the firstlayer

3.1. Different growth stages

First, we describe the different stages of the growth and structure of the first CuPc molecular layer.
Understanding the factors that influence the growth of the first layer is crucial, since it is this layer that will be
governing both the electronic interaction with the underlying graphene, as well as the crystalline structure
(molecule orientation, grain density) of thicker CuPc films.

Figure 1(a) shows a (bright field) LEEM image sequence of the deposition of CuPc at a substrate temperature
of about 220 K. The sample temperature is measured with a C type thermocouple and the absolute error at these
low temperatures is relatively large. The sequence starts with an image of the pristine graphene substrate before
opening the shutter of the CuPc evaporator (figure 1(al)). The three arrows point at wrinkles in the graphene
layer [41], underlying Ir steps and the bare Ir(111) substrate, respectively. Under the imaging conditions used
here, the graphene flake appears brighter than the Ir substrate.

The next image in the sequence (figure 1(a2)) shows the same flake 300 s after opening the shutter of the
CuPcevaporator (att = 0 s). The CuPc coverage at this point is about 0.7-0.8 ML. After opening the shutter, the
image intensity of both the graphene flake and the bare Ir(111) decreased homogeneously over the whole surface
with increasing deposition time (see figure 1(a2)). We attribute this to the presence of adsorbed CuPc molecules
in a disordered phase on the surface as it was observed for CuPc and SnPc adsorption on different metal
substrates [44—47]. A combination of two mechanisms explains the reduced image intensity: (1) molecules
scatter the probing electrons out of the specular direction [31, 48-51], and (2) destructive interference between
electrons reflected from the molecular adlayer and the graphene substrate. The presence of the disordered phase
is also confirmed by the observation of a diffraction ring in 4 LEED experiments (figure 1(b2)), which were
recorded under comparable conditions in a separate experiment. The radius of the ring (green arrow, R = 0.41
A~ corresponds to a preferred intermolecular distance (1.53 nm for the image shown), which in turn is
compatible with a coverage 0of 0.81 ML.

Once the adsorbed CuPc molecules were sufficiently dense, we observed the nucleation of domains of an
ordered CuPc phase (see figure 1(a3), t = 317 s). Domains of this phase nucleate preferably at graphene
wrinkles, which suggest defect induced nucleation (heteronucleation). Upon further deposition of CuPc these
domains expand and new domains continue to nucleate (figure 1(a4)). Micro diffraction patterns taken from
these domains reveal a highly ordered, square crystal structure (figure 1(b4)). Eventually the whole surface is
covered with this ordered phase, after which a second layer would nucleate. In the 4 LEED patterns (figures 1(b3)
and (b4)), we can see that the rings of the disordered phase almost completely disappear and sharp spots develop,
as the CuPc coverage increases and a larger fraction of the surface is covered with the crystalline phase.

From the diameter of the diffuse diffraction ring just before nucleation, we can extract the density of
adsorbed molecules necessary for nucleation of the crystalline phase at this temperature. However, before we do
that and further discuss the nucleation mechanism in detail, we will first analyze the diffraction pattern of the
ordered phase and the crystalline structure in the first monolayer.

3.2. Structure of the first CuPclayer

In the previous section we showed that two distinct submonolayer phases are formed by CuPc on graphene: a
disordered phase for low coverages and a 2D crystalline phase for higher coverages close to a full monolayer. To
determine the molecular structure within the crystalline phase, we obtained ;LEED patterns from individual
domains. A LEED pattern of the pristine (uncovered) graphene flake is shown in figure 2(a). The six first order
Ir(111) diffraction spots are surrounded by several satellite spots. These originate from the well known Moiré
pattern formed by the graphene overlayer and the Ir(111) substrate lattice [37—40]. The period length of this
Moiré pattern was measured to be 2.55 nm at temperatures below 500 K using high resolution LEED [41]. This
period length is not altered by the adsorption of the weakly interacting CuPc molecules. We determined the
positions of the CuPc diffraction spots relative to these Moiré spots, which allowed us to stay below the electron
energies where electron induced damage starts to become a problem (approximately 6-8 V).

The pLEED pattern shown in figure 1(b4) is a superposition of several different rotational CuPc domains. To
determine the CuPc unit cell we obtained diffraction patterns from individual rotational domains using an
illumination aperture producing a 500 nm diameter illuminated spot on the surface. An example of such a LEED
pattern is shown in figure 2(b). We find a square unit cell (taking into account an instrument induced distortion
of the LEED pattern), with a lattice constant of 1.38 £ 0.04 nm. This value is very close to the lattice constant of
bulk CuPclayers on HOPG [52]. The unit vectors make an angle of about 9°, and 39°with respect to the
underlying Moiré pattern (and thus with the aligned graphene and the [110] Ir substrate direction).

Figures 2(c) and (d) illustrate the proposed molecular structure in the crystalline first layer. From what is
known for the adsorption of CuPc on graphene, graphite and metal surfaces, it is reasonable to assume that the

4
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Figure 3. Bright and dark field LEEM images of a closed CuPc monolayer grown at approximately 210 K. Left: bright field LEEM with
an FoV of 10 #m and an start voltage of 1.7 V. Middle and right: dark field LEEM images using one of the first order CuPc diffraction
spots (see figure 2), start voltage is 3.1 V. Areas with the same brightness level have identical rotational crystal orientation.

molecules adsorb in a flat lying geometry at all times [7, 45-47, 53—59]. Figure 2(c) shows the CuPc unit cell on
the graphene substrate together with the Moire unit cell. In our model the molecules form an angle of about 26°
with the superstructure unit cell vector, see figure 2(d). The structure is very similar to the structure of CoPc on
graphene/Ir(111) [21]. Unlike for the case of FePc on graphene/Ru(0001) [60], there is no indication that the
Moiré pattern is trapping the CuPc molecules in fixed positions. However, while the CuPc structure is
incommensurate w.r.t. the underlying graphene and Ir substrate, the substrate symmetry is still imposed on the
CuPclayer. In accordance with the substrate symmetry, we observed in total six rotational CuPc domains.

From dark field LEEM, i.e., imaging by selecting a diffraction spot with a contrast aperture, we find that
individual rotational CuPc domains can extend over micrometers in size (see figure 3). This shows that each
individual nuclei that formed during nucleation is a single crystal, which implies a high crystal quality and
minimum grain density. While underlying Ir(111) steps sometimes block the domain expansion, we never
observed the growth of a domain over a wrinkle in the graphene layer. The maximum size (and thus the grain
density) of individual crystallites is thus only limited by graphene wrinkles.

3.3. Details of the phase transformation

For sub-monolayer coverages the CuPc molecules form a phase without long range order. We can discern two
discrete rings in the diffraction pattern of the dilute phase (figure 1(b2)). These two rings are not first and second
order diffraction rings [46, 47]. The inner (and less intense) ring is due to intermolecular diffraction, i.e., is
showing the average separation of molecules. As expected, this ring is changing in diameter with coverage. The
outer (and more intense) diffraction ring, on the other hand, is due to intramolecular diffraction. This ring is not
changing in diameter with CuPc coverage.

From the diameter of the inner diffraction ring in figure 1(b2) we can roughly determine the average
separation d between molecules and, assuming a random spatial distribution of molecules, their density
n = 1/d* We find that the average separation between molecules just before nucleation of the crystalline phase
is close to 1.53 4 0.03 nm. This separation is just slightly larger than the projected van der Waals diameter of a
single CuPc molecule adsorbed in a flat geometry (1.49 nm [45]). There is no intensity modulation visible in
both diffraction rings, i.e., there is no strongly preferred molecular orientation in the disordered phase. The
surface just before nucleation of the crystalline phase is occupied by randomly oriented molecules. From the
mean separation of 1.53 nm follows a CuPc density of 81% of the density in the crystalline phase, or 0.81 ML
(according to our definition of a monolayer as a fully closed layer of the crystalline phase). This value is the CuPc
density needed for nucleation at a substrate temperature of 220 K.

For higher temperatures, we find that an even denser disordered phase is necessary to induce nucleation.
Figure 4 shows the melting of CuPc domains upon increasing the substrate temperature from the growth
temperature of 220 K. The molecules leave the crystalline phase and stay on the surface in the disordered phase.
Close to room temperature almost all the CuPc domains have melted. Note, that this temperature depends on
the total coverage’, i.e., for a higher total coverage the domains would melt at a higher temperature. In fact, a
closed monolayer is stable up to approximately 450 K. Upon cooling the substrate the crystalline domains
reappear. It is remarkable that the domains form again at almost identical places, due to the influence of the

? Total coverage is the sum of the adsorbed molecules in the (coexisting) disordered and ordered phases.
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Figure 4. Heating and cooling of a graphene flake partially covered with CuPc domains (dark gray). The total CuPc coverage is
0.92 ML. Upon increasing the temperature the CuPc domains melt. In the third image close to room temperature almost all CuPc
domains have vanished. Upon cooling down again the domains reappear.

topography, as discussed in the next section. From the images, we judge that the amount of molecules desorbing
from the flake is negligible and therefore the melting process is reversible.

In our experiment the disordered phase covered about 40% of the surface at a density of 81% of a closed layer
and at 220 K, while the rest is covered with the 2D crystalline phase. At 280 K the disordered phase covers 90% of
the surface. Assuming no desorption of molecules, this means that the disordered phase now has a density of
87% of a closed layer. Unfortunately the temperature measurement is neither accurate nor precise enough for a
full analysis of this phase transformations and extraction of thermodynamic parameters.

Apparently, the crystallization of the CuPc molecules is a first order phase transition. It is often intuitively
assumed, that this transition is caused by attractive molecule-molecule interaction, e.g., by overcoming the
orientational and translational entropy of the disordered phase by decreasing the internal energy through the
formation of bonds. However, one very general class of first order phase transitions is purely entropy driven.
One of such systems, namely non-interacting hard disks in two-dimensions, has been studied extensively
theoretically in the last decades—and is still not fully understood [61-65]. This system can be seen as a simplified
model of our system of adsorbed CuPc molecules (an even more accurate description are non-interacting hard
squares, which is, however, less frequently studied [64, 66]). Indeed, the hard disk model also has a first order
phase transition at a packing factor of 0.723. This value is very close to the nucleation density of CuPcat 220 K
(the aforementioned CuPc coverage of 0.81 ML at 220 K translates into a packing factor of 0.735). However, the
hard disk system is independent of temperature, which only sets the time scale. We, however, observed
reversible melting/crystallization upon changing the substrate temperature, which can only be explained by the
presence of internal energy, i.e., attractive molecule-molecule interaction. Interestingly, we observe densities in
the disordered phase that exceed by far the critical packing factor of 0.723 of the hard disk model, even taking
into account measurement errors. This is very counter intuitive, but might be explained by an average attractive
molecule-molecule interaction term in the disordered phase, which is stabilizing a denser packing.

4. Influence of the local graphene topography

The graphene sheet is by no means a flat, perfect surface. We have already shown wrinkles that form during
cooling down of a graphene flake grown by CVD on Ir(111) at elevated temperatures. These are caused by the
difference of the thermal expansion coefficients of both graphene and the Iridium substrate. Upon cooling the
accompanied compressive stress is relieved through the formation of wrinkles in the graphene sheet. The
formation of these wrinkles and stress relieve can be tracked in situ with LEEM [67]. However, the wrinkles
cannot lift the stress homogeneously from the graphene flakes. Locally regions with different amount of residual
stress remain also below room temperature. Those regions have a slightly different lattice constant and may be
differently well aligned with the underlying substrate lattice. LEEM allows to visualize this residual stress locally
on a micrometer scale, due to the minute differences in the local (electronic) structure. Figure 5(a) shows a
LEEM intensity versus voltage (LEEM-IV) plot measured on the two adjacent areas marked in figure 5(b). Both
areas are separated by wrinkles. The data is normalized to the intensity in mirror mode, i.e., for negative start
voltages. The plot of the difference of both curves reveals that the intensity in both regions differs by up to 10%
for start voltages between 4—8 V. In another LEEM study, it was found that the regions with a higher intensity
correspond to more relaxed graphene [67]. With this knowledge, we can thus assign the graphene sheet in region
Atobeinaslightly more relaxed state than that in region B, i.e., the lattice could accommodate itself more
closely to the Ir(111) substrate. This is also reasonable judging from the shape of the wrinkles surrounding
regions A and B: region A is rather small and surrounded by a neat hexagon of wrinkles, while region B is large
and surrounded by less regular wrinkles.
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Figure 5. (a) LEEM-IV curves from the two regions marked in the LEEM image shown in (b), together with the normalized difference
of both curves. Differences in the residual stress shows up as differences in the IV curves. (c) and (d) shows growth sequences of CuPc.
The first image in each sequence shows the clean surface in false colors (integrated intensity from 4.5 to 5.5 V start voltage, see red
shaded area in (a)), where blue corresponds to less and red to more strongly stressed regions. CuPc crystallization is first observed on
the relaxed regions, marked with an A, and only subsequently on stressed regions B.

The question arises if and how this difference in the graphene topography influences the growth of the CuPc
monolayer. Figures 5(c) and (d) show LEEM snapshots from two experiments of the nucleation of the crystalline
CuPc phase at substrate temperatures of about 210 K (c) and 250 K (d), respectively. In both image sequences
region A belongs to a more relaxed and region B to a more stressed area of the graphene sheet. The first image of
each sequence shows the clean surface with its image contrast integrated over a start voltage range of 4.5-5.5V
(red shaded area in figure 5(a)) and in false colors to emphasize the difference, where blue corresponds to more
relaxed, red to more stressed regions.

Both image sequences in figures 5(c) and (d) clearly show the following behavior: CuPc domains nucleate
first within more relaxed regions close to wrinkles. The areas A and B in both sequences highlight examples of
this, and more examples are easily found in both sequences. After nucleation, the expansion of the CuPc
domains is further influenced by the distribution of the different stress levels. For instance in figure 5(c), the
domain that nucleated in region A grows first along the wrinkles on the upper and right side (see red arrow), and
only in the end covers the lower part, which is slightly more stressed (as can be seen in the false color image).

This effect is even more obvious, if we compare the growth of CuPc on graphene flakes of completely
different orientation with respect to the Ir(111) substrate. Figure 6 shows the deposition of CuPc ona R0
graphene flake, that is surrounded by flakes of another orientation (RX, presumably a flake rotated by 30°, which
is the most abundant graphene orientation besides R0 [43]). For the start voltage used (2.4 V), the RO orientation
appears bright, and flakes rotated by 14°or 30°dark[43]. This configuration, a RO flake surrounded by RX flakes,
forms due to different growth rates: while the RO variant nucleates first, the growth rates for the other graphene
orientations are much higher.

The image sequence in figure 6 shows that CuPc crystals nucleate initially on the RO domains. Once the RO
domain is almost fully covered, we also observe nucleation on the surrounding RX flake. This is consistent with
the picture presented above, of preferred CuPc nucleation on the best aligned areas on the flakes.

How can we explain this preferred nucleation on the aligned graphene flakes? The main difference between
the different graphene orientations is the interaction with the substrate. Aligned, R0 graphene was found to show
astronger chemisorption character on the Ir substrate than RX domains, and exhibits hybridization of the

7
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Figure 6. Deposition of CuPc on a R0 graphene flake surrounded by a rotated RX flake (most likely a flake rotated by 30°, the most
abundant misaligned graphene orientation [43]). The shape of the RO flake is marked with a dashed contour. CuPc domains (dark
gray) nucleate first on the RO domain (middle image), then on the flake with another orientation (right image).

graphene electronic bands with the Ir bands. All other graphene orientations show more physisorptive character
[68]. The RO domains also have the lowest work functions. In principle, there are three possible mechanisms,
which might be responsible for the earlier nucleation:

(1) The sticking coefficient, and thus the residence time of CuPc molecules, is higher on the aligned graphene
areas, possibly caused by a smaller distance of the molecules to the Ir(111) substrate. As a result, the density of
molecules is higher on these areas, which induces earlier nucleation. This is a reasonable explanation, however,
two observations point against it. First, the molecules do not desorb from the surface at the temperatures used
here, i.e., the sticking coefficient should be close to unity on all types of graphene flakes. Second, the different
graphene areas in figure 6 are separated by wrinkles, which are several nanometer high protrusions [67]. Itis
reasonable that these are impenetrable barriers for diffusing CuPc molecules, given that they would prefer the
closer contact to the Ir(111) substrate and avoid the delaminated graphene at the wrinkles. This would mean that
there is no mass exchange between both areas and the total molecular density is on average very similar
everywhere.

(2) The Ir(111) influences the orientation of the molecules more strongly on the aligned graphene areas, as
compared to the more misaligned areas. Obviously, the right orientation of the molecules plays a major role in
the nucleation process, since the molecules are randomly oriented in the disordered phase, but show only one
orientation in the crystalline phase relative to the Gr/Ir(111) substrate. Due to the substrate symmetry, this
single orientation appears as a six-fold symmetry. The alignment of the orientation is caused by the interaction
with the substrate, most likely the Ir(111) crystal. The electron bands of the pure RO graphene variants are
hybridized with the Ir bands [68], which makes it likely that the CuPc orientation, even in the disordered phase,
is more strongly influenced on the RO graphene. It is plausible, that stronger average alignment will result in an
increased effective molecule-molecule interaction, which is a function of the molecules’ relative orientation
[69]. In pair potential calculations it has been shown that depending on the relative orientation of CuPc
molecules, the interaction can change between attractive and repulsive [69]. If two molecules in the disordered
phase meet, and they have a higher chance of being in the right orientation, this will allow nucleation at a lower
density.

(3) On noble metal surfaces the interaction between molecules is strongly influenced by the interaction with
the substrate [44—46, 70]. For example, on Cu(111) and Ag(111) CuPc molecules are chemisorbed and the
LUMOs were found to be partially filled. On Cu(111) this results in an attractive interaction between molecules,
and the formation of CuPc islands at a coverage of 0.76 ML was observed[45]. On Ag(111), on the other hand,
this results in a repulsive interaction and a continuously shrinking unit cell with increasing coverage[46]. On the
more inert Au(111) surface CuPc is physisorbed and no charge transfer into the molecules’ LUMOs occurs[45].
A negligible interaction between molecules results in no islanding and crystallization only at higher coverages
close to a monolayer. It seems plausible, that we observe the same effect here on the different graphene
orientations. As already mentioned, graphene flakes/regions that are aligned w.r.t. the Ir(111) substrate (e.g. RO
flakes) show more chemisorptive character, with Ir electron bands leaking into the graphene, while all other
graphene orientations show more physisorptive character. This results in different doping (misaligned graphene
being p-doped), which will influence the filling of the CuPc LUMOs and in turn is known to control the
molecule-molecule interaction.

An interesting question is, if the observed difference in interaction between molecules is caused by the
different doping, or by the Ir(111) d-bands leaking more into the RO graphene flakes. If it was just caused by the
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doping, it should be feasible to control the crystallization of CuPc on graphene by applying a bias voltage,
independent of the substrate.

5. Conclusion

To summarize, we studied the submonolayer growth of a CuPc film on Graphene/Ir(111) using in situ electron
microscopy. Two distinct surface phases were observed: a disordered phase atlow CuPc coverages and an
ordered crystalline phase. The crystalline phase nucleates at relatively high coverages between 0.81 ML (220 K)
and 0.92 ML (280 K). The phase transition is reversible: upon increasing the temperature the crystalline domains
melt, upon decreasing the temperature they form again. Desorption of molecules from the surface is negligible
below 450 K. Using dark field LEEM, we showed that individual crystalline domains could become micrometer
sized, only limited by wrinkles of the graphene flakes. Graphene also forms wrinkles on other substrates
including SiO, [71], so the same size limitation should also apply for CuPc crystallites there. The CuPc crystals
show one crystal structure with six equivalent orientational domains, which is in accordance with the six-fold
symmetry of the graphene and Ir(111) substrate.

The crystallization of CuPc starts first on those regions of the graphene flakes that show alignment w.r.t. the
underlying Ir(111) substrate. We observed this effect on individual RO graphene flakes, and also between flakes
of completely different orientation. We explain this difference in the nucleation behavior with the different
influence of the Ir(111) substrate on aligned and misaligned graphene sheets or areas. Aligned graphene is in
closer contact with the Ir substrate and more chemisorbed, while all other orientations show a more
physisorptive character. The experiment indicated clearly that the closer Ir substrate induces an earlier CuPc
nucleation. This could be understood by an increased adsorption energy, by orientational alignment of the
molecules or through doping (or a combination of these effects). Especially the last point would be interesting, it
could allow to steer the nucleation by application of a bias voltage to a graphene sheet. To check this, it would be
necessary to grow CuPc on graphene on another substrate with tunable doping or with the ability to apply a bias
voltage, in order to exclude the influence of the Ir substrate.
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