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Abstract

We investigated the dynamics of the initial growth of the first epitaxial layers of PTCDA on
the Au(111) surface with high lateral resolution using the aberration-corrected spectro-
microscope SMART. With this instrument we could simultaneously study the different
adsorption behavior and layer growth on various surface areas consisting of either a
distribution of flat (111) terraces, separated by single atomic steps (“ideal surface”), or on
areas with a high density of step bunches and defects (“realistic surface”). The combined use
of photoemission electron microscopy (PEEM), low-energy electron microscopy (LEEM), and
p-spot x-ray absorption (U-NEXAFS) provided a wealth of new information, showing that the
growth of the archetype molecule PTCDA has similarities but also significant differences
when comparing Au(111) and Ag(111) substrate surfaces. For instance, under otherwise
identical preparation conditions we observed different growth mechanisms on different
surface regions, depending on the density of step bunches. In addition, we studied the

spatially-resolved desorption behavior which also depends on the substrate morphology.
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1. Introduction

The interfaces of organic thin films and metals are of prime scientific interest for applications
as well as for the fundamental understanding of hetero-interfaces in general. Examples of
applications are organic photovoltaics'?, organic field-effect transistors > and organic light-
emitting displays*>. Their properties often strongly depend not only on the molecules but
also on the interfaces between organic material and metallic contact and on the growth
behavior of the organic thin film on a substrate. While it is well established that the relative
positions of the electronic levels responsible for charge injection are related to the electronic
potentials of and chemical interaction between organic material and metal®”, it is less well
known that interface and geometric structure of the organic layer may drastically influence
the optical properties like quenching and fluorescence yield®° . Thus, for the optimization of
the properties of organic devices it is of decisive importance to fundamentally understand
the interplay between preparation and function, and especially between interface, thin film

growth as well as geometric and electronic structure.

Recently, we have published several papers which address the interplay between substrate
morphology, preparation parameters, formation of the interface, and further growth of
organic layers'®’ | In these papers we have concentrated on the system PTCDA on Ag(111)
and its vicinal surfaces. We have discovered large-scale reconstructions!>?’ , the formation
of regular mesoscopic patterns®®, the occurrence of a wealth of molecular superstructures!’,
different nucleation processes'> 3, the development and behavior of rotational and mirror
domains for the first two layers!* 8, and the dependence of various growth mechanism on
preparation parameters and substrate morphology'?*3. Nearly all of these observations
were strongly correlated with the chemisorptive bonding between PTCDA and the Ag

substrate. Therefore, it is an obvious next step to investigate the differences that occur
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when a significantly weaker bonding occurs under otherwise very similar conditions. Thus,
we have chosen the Au(111) surface as substrate in the present work to study the
differences in the dynamic behavior of organic film growth using the same prototype
molecule PTCDA. It turns out that both growth mechanisms, Stranski-Krastanov as well as
Frank-van der Merwe, also occur on Au(111), but that their occurrence depends not only on

the temperature but also strongly on the surface morphology.

The adsorption and growth of PTCDA have been studied much less on Au(111) than on
Ag(111). Nevertheless, essential findings have been documented and discussed. The
monolayer of PTCDA is formed in the usual herringbone structure on top of the (22xV3)
reconstructed Au(111) surface where the reconstruction remains essentially unaffected
which has been investigated by scanning tunneling microscopy (STM)¥22, low-energy
electron diffraction (LEED)?°, and spot-profile analysis LEED (SPA-LEED)?. It has even been
found?®* that both, a “distorted carpet”, with a true point-on-line relation between
adsorbate and substrate, and a “rigid carpet”, with only average point-on-line relation, can
occur depending on preparation conditions. This finding indicates an only weak bonding of
PTCDA on Au(111) in contrast to Ag(111)?* which has directly and indirectly been derived by
ultraviolet photoelectron spectroscopy (UPS)?!, scanning tunneling spectroscopy (STS)?'2?,
and normal-incidence x-ray standing waves (NIXSW)% investigations, which yielded only
minor peak shifts (UPS, STS) and a significantly larger vertical bonding distance relative to
the substrate comparing Au(111) and Ag(111) (NIXSW: 3.27 A vs. 2.86 A2%). This difference in
bonding mechanism and strength has been confirmed by detailed density functional theory
(DFT) calculations comparing the bonding of PTCDA on the (111) faces of Cu, Ag, and Au?.
Very little has been published on the growth behavior of PTCDA thin films on Au(111)%7%,

and those published studies use integral techniques (x-ray diffraction, soft x-ray reflectivity)
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which cannot provide direct insight into morphological and structural details. The present
study presents new data with respect to the initial stages of (epitaxial) layer growth and

their dependence on surface morphology and preparation parameters.

2. Experimental

The instrument used for the present experiments is the SMART spectro-microscope 3032
installed at the UE49-PGM beamline of the BESSY-Il storage ring of the Helmholtz-Center
Berlin for Material and Energy (HZB). SMART is equipped with an aberration corrector,
compensating simultaneously both, chromatic and spherical aberrations 33-3°, and with an
imaging energy filter. A lateral resolution of better than 2.6 nm was experimentally
demonstrated in the low-energy electron microscopy (LEEM) mode 3637, The design of the
specimen chamber enables the in-situ deposition of, e.g., organic material under grazing
incidence (20°) onto the sample surface at the measurement position in front of the objective
lens. The sample temperature is regulated by radiative and electron-bombardment heating
and monitored by a thermocouple. Thus, the growth or desorption of the PTCDA film could be
directly observed in real time. For deposition a Knudsen cell type evaporator was used. The
deposition rate was kept constant to about 0.08 ML/min (ML = monolayer coverage) by
stabilizing the evaporator temperature at 650K. 1 ML corresponds to the deposited amount
required to saturate the first PTCDA layer (of parallel oriented molecules) on the surface at
330 K. At this temperature desorption can be neglected. The base pressure of the
measurement chamber was < 3 x 10" mbar. A potential influence of the instrumental set-up
on the growth has been carefully checked and could be excluded 2. The kinetic energy of the
electrons at the sample surface in the LEEM experiments was reduced below 5 eV which is

about the threshold below which no beam-induced damage is observed.
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A Au(111) single crystal oriented within an accuracy better than 0.2° has been cleaned by
repeated cycles of Ar-sputtering (600 eV, 1 pA, 5 x 10° mbar, 15 min, room temperature) with
subsequent annealing at 700 — 800 K for about 15 min. The cleaning progress was checked by

PEEM, LEEM, LEED, and XPS.

In UV-PEEM mode, ultraviolet light from a Hg discharge lamp (maximum intensity at hv = 4.9
eV) releases electrons from the surface by photoemission. The emitted electrons are directly
imaged on a two-dimensional detector and recorded over time by a CCD camera. The contrast
mechanism is determined by the work function of the surface and by attenuation of the
electrons emitted from the Au substrate by deposited PTCDA molecules. In the NEXAFS-PEEM
mode monochromatized x-rays from the UE49-PGM undulator beamline at BESSY are used to
directly image the emitted secondary electrons on the two-dimensional detector in real time.
In this case the x-ray polarization could be switched between s-polarization (with E-vector
parallel to the surface) and p-polarization (with an E-vector component almost perpendicular
to the surface) by shifting the magnetic poles of the undulator3®. In LEEM mode, electrons
from an electron gun are decelerated near the surface, back-diffracted by the outermost
surface layers and recorded as spatially resolved image. The contrast mechanism in this case is
governed by the local surface reflectivity and by interference effects that occur upon electron

reflection at different surface layers®.

3. Results and interpretation

3.1 Nucleation and growth of the first layers

Fig.1 shows the initial stages of PTCDA layer growth on a clean Au(111) surface at 470 K. Fig.
1la presents a UV-PEEM image of the initial, i.e. pure surface, prior to PTCDA deposition. The

displayed sample area was chosen as statistically representative exhibiting a number of
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characteristic “patterns” of surface structures: black areas represent (111) terraces that are
separated from each other by single atomic steps, discernible here as fuzzy bright lines. The
clean and (22xV3) reconstructed Au(111) terraces appear black because the work function of
this surface is ~5.3 eV and hence higher than the photon energy of the UV lamp (4.9 eV) thus
suppressing photoemission from these terraces. Steps or adsorbed molecules reduce the
local work function and hence enable photoemission from the substrate; they are then seen
as bright lines or areas due to their higher electron emission rate. The fact that PTCDA
molecules adsorbed in the monolayer regime on Au lower the work function is due to their
weak (physisorptive) bonding to the substrate?®®. Such a lowering is commonly found for
physisorbed molecules on high work function surfaces and is understood as a kind of Pauli
repulsion effect**2, This is in contrast to PTCDA adsorption on Ag(111) for which
chemisorptive (i.e. covalent) bonding has been proven by strong changes in the UPS, NEXAFS
or high-resolution electron energy loss (HREELS) spectra?® 3*7 and which shows a work
function increase by more than 0.2 eV'314, Such spectroscopic changes are not observed for

PTCDA on Au?* (see also below).

Fig.1b displays the same area of the surface (on a twofold larger scale) covered by about half
a monolayer of PTCDA. The molecules nucleate on the (111) terraces, and the nuclei grow in
size as coverage increases. On some areas of the surface the nuclei merge and form large
compact islands without holes. Due to this coalescence they seem to rapidly increase in size,
faster than the smaller islands around the nuclei. One example of such a fast growing island
is indicated by the yellow boundary lines in Figs.1b - 1d (see also movie in supplementary
information). This special type of growth process, which only occurs in the monolayer regime
has not been observed before. The sequence of images of Figs. 1b — 1d which represent the

growth behavior of the monolayer regime also shows that the areas between steps or step
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bunches are filled separately. Thus, the layer has numerous empty spaces (holes) which are
only slowly filled and are finally closed when the monolayer is completed. Note that all of

this happens before the second layer starts growing.

Figs. 1e and 1f display snap shots of the growth of further layers. The dark areas of Fig. 1le
represent the second layer that covers about half of the surface after deposition of 1.5 ML
PTCDA. The second layer is darker in PEEM because photoemission from the substrate is
further attenuated by this additional layer. Apparently nucleation of the second layer takes
place preferably on smooth areas of the substrate (e.g. indicated by “2 ML”) while areas with
many step bunches and defects (e.g. indicated by “1 ML”) are only covered by the second
layer near its completion. It is noted that also the second layer is completely filled before
significant amounts of the third layer nucleate. This and further layers then grow
simultaneously, i.e. islands are formed on top of the second layer which grow
simultaneously in height and size, as seen after deposition of 2.5 ML in Fig. 1f and of 6.6 ML

in Fig. 2a, and as seen in the complete growth movie (see supplementary information).

This behavior is typical for a kind of Stranski-Krastanov growth mode, which often occurs if
the adsorption of the first layer(s) to the substrate is strong enough to result in a well-
ordered film commensurate to the substrate but strained as compared to the bulk structure,
e.g., a layer of a molecular crystal. Then for higher layers the molecular film relaxes forming
crystallites in one of the known crystalline structures, here a- or B-PTCDA*%49, The
interesting question whether the first two layers remain strained (and hence in registry with
the substrate) upon formation of three-dimensional (3D) islands on-top (like for PTCDA on
Ag(111)) or whether they also relax when a thicker film is formed could not be answered

here.
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Two further observations are worth mentioning: First, the deposited molecules diffuse over
very large distances (several tens of um) on the Au(111) substrate as well as on the first
PTCDA layers, and they diffuse easily across single surface steps before they get trapped at
nucleation centers or fill the holes within the first layer(s). Long diffusion lengths at these
temperatures have also been observed for the growth of PTCDA on other metal surfaces!?4,
A possible explanation for this behavior is that the molecules — in addition to their kinetic
energy and in contrast to the substrate atoms - possess a considerable amount of internal
thermal energy (excited internal vibrational and bending modes) when they leave the ~650 K
hot Knudsen cell, and that these internal degrees of freedom are not immediately
accommodated by the substrate when the molecules arrive at and diffuse over its surface.
Second, the molecules prefer smooth substrate areas without step bunches to nucleate and
to form large two-dimensional islands which are elongated parallel to steps or step bunches.
This information may be deduced from the development of the layers shown in Fig.1 which
occurred preferably on areas with few single-atomic steps. We assume that the reason for
this contra-intuitive behavior is that the transfer of the internal energy preferably occurs to
neighboring “cold” (i.e., already adsorbed and accommodated) molecules which have similar
internal modes to which those of the hot molecules can resonantly couple. Thus, they do not
couple to inhomogeneities of the substrate such as steps, which are available to
accommodate the energy of a diffusing molecule because the interaction with the substrate
Au is weak. This leads to the following question: Is thermal desorption reversible with

respect to adsorption?

3.2 Desorption — reversed growth?

Fig. 2 displays some representative snap shots from a desorption series, also recorded as a

movie (see supplementary information), taken at the identical surface area displayed in Fig.
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1. Fig. 2a (nominal coverage 6.6 ML) shows the situation at 470 K directly after stopping the
PTCDA deposition: some dark areas are seen on-top of a grey background which is
representative for a molecular double layer. The dark areas stem from 3 or 4 layers or even
represent 3D islands as indicated in the figure. As observed for the PTCDA/Ag(111)*, the
metastable 4™ layer shrinks in size and is “eaten up” by the 3D islands as soon as the PTCDA
flux is turned off. Upon heating to 500 K the third layer and the 3D islands disappear first and
a homogeneous double layer remains (Fig. 2b). Further heating to 520 K desorbs more than
half of the second layer (Fig. 2c; coverage 1.35 ML). The remaining part desorbs upon
heating to 575 K (Fig. 2d). Heating to 650 K desorbs 20% of the monolayer (Fig. 2e) and
heating to 660 K further 65% (Fig. 2f). Finally all PTCDA molecules are removed at 680 K (not

shown).

Three observations are important: Firstly, PTCDA on Au(111) may be completely removed by
heating in contrast to PTCDA on Ag(111) where the monolayer remains on the surface and
decomposes upon heating to more than about 720 K. Secondly, the second and especially
the first layer are more strongly bound than additional layers which indicates the influence
of the substrate even for physisorption. Thirdly, the desorption process of the second and
the first layer occurs equally likely from different regions of the surface, i.e. desorption does
not occur from, e.g., the rim of large islands. However, the situation is different on the
microscopic scale: in both cases, desorption starts at steps or step bunches (bright lines in
Fig. 2c and dark lines in Fig. 2e), and the molecules on flat surface areas between the steps
desorb last (Fig. 2f). The growth of the first PTCDA layer starts on the terrace — therefore Fig.
2f and Fig 1b show a corresponding situation, which is different in detail. However, the
closure of the first layer (Fig. 1d) is clearly different to the comparable coverage during

desorption in Fig. 2e. The first layer islands grow along but also across steps and close at step
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bunches last, and the growing islands are very large. The desorption behavior, however, is
clearly different from the adsorption behavior since desorption starts at many more points
than were closed at the end of first-layer adsorption. Thus, at each coverage there are many
more (small) shrinking islands upon desorption than growing (large) islands upon adsorption.
The reason for this difference is probably the mechanism of island growth upon adsorption
which is most likely due to the accommodation process of the “hot” deposited and diffusing
molecules at the rim of islands. Even though both processes were not performed under
identical conditions (adsorption at 470 K, desorption of the ML at 650 — 680 K) we must
conclude that there is no microscopic reversibility due to the accommodation process in the

adsorption case.

3.3 Influence of surface morphology on the development of the first layers

Next we study the influence of the surface morphology in more detail using the LEEM mode.
The contrast mechanism in this mode is based on reflectivity and interference effects, as
discussed above. Contrary to the PEEM mode, attenuation does not play a role for the
contrast mechanism, but interference effects emphasize details of the surface morphology
such as single atomic steps. Thus by using the LEEM mode, surface morphologies can be
investigated in great detail. For instance in Fig. 3a the selected surface region has been
conveniently chosen to include in a single field of view the main surface structures found
otherwise distributed on the surface: large terrace areas with single atomic steps and areas
with high step densities (step bunches). Thanks to the high lateral resolution in the LEEM

mode (2.6 nm3f) and the contrast mechanism one may easily identify single atomic steps.

Here, we study the development of the first layer with increasing coverage (Figs. 3b — 3e).

Again, these (representative) figures are selected from a large data set. It is clearly seen, that
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nucleation and growth of first layer islands preferentially occur on surface areas with
monoatomic steps and large smooth areas in between. Although few and small islands are
also seen in the step-bunch regions, these areas remain rarely covered until the smooth
areas are completely filled. Only then, the step-bunch areas are successively filled by PTCDA
islands starting from the edges of the step-bunch areas and growing towards their center

(see Figs. 3d and 3e).

The latter observation has been evaluated in more detail for the red area indicated in Fig. 3e;
the result is displayed in Fig.3f where line profiles along the long side of the red rectangle are
plotted versus coverage. For noise reduction the line profiles were generated by averaging
along the short side of the red rectangle. As described for the previous LEEM images, the
brighter regions are covered by one monolayer of PTCDA and the darker represent the bare
substrate. The blue dashed line serves as a guide for the eyes to follow the evolution of the
growth of the PTCDA layer as a function of overall coverage. The shape of this curve
indicates that the smooth areas outside the step bunches are covered first and only after
those are nearly filled (Fig.3c, 0.57 ML) the covered area propagates from the rims towards
the center of the step-bunch region. The velocity of this growth front increases at 0.86 ML
(Fig 3d), when all other areas are completely closed and thus all incoming PTCDA molecules

are now incorporated on the stepped surface area.

One more observation is worth mentioning: for low coverages the PTCDA islands are rather
inhomogeneous and defective as seen, e.g., within the yellow ellipse of Fig. 3b. The layer has
many holes and inhomogeneities indicating incomplete filling of the first layer and perhaps
even different orientations (e.g., inclined molecules) or geometric structures (e.g. different
superstructures or rotational domains). If the coverage increases a kind of phase transition

occurs. Starting from different nucleation centers “wave fronts” move across the surface
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filling the holes rendering the adsorbate layer much more homogeneous (see yellow ellipse
in Fig. 3c). This observation is compatible with the high-speed expansion of the yellow island
in Fig. 1 that occurred under similar but not identical conditions and was observed on a
larger scale in the PEEM mode. We explain this coverage-induced, long-range rearrangement
of the adsorbate layer by a lateral and structural optimization process of the entire
adsorbate layer. The integration of additional molecules in an ordered, densely packed
fashion leads to a gain in total energy although the entire layer has to be rearranged. The
observation that such effects can occur over distances of several microns (see Fig. 1) is
probably due to the fact that the molecules are weakly bonded to the substrate and the
vertical bonding potential is only weakly corrugated as compared to more strongly bound

systems.

More insight may be obtained by a quantitative evaluation using an Arrhenius plot of the
island density as function of the temperature in the monolayer regime in order to derive an
apparent activation energy for diffusion (Fig. 4). Here we compare the numbers derived from
PEEM and LEEM data, respectively, and note that they result in different activation energies.
We think that the considerably higher spatial resolution of the LEEM data leads to the
detection of more islands and hence to higher densities, but also experimental differences
such as different temperature calibrations and different surface morphologies could have
had a significant influence, since the UV-PEEM and LEEM experiments were performed at
different times with different sample holders, etc. Thus, we arrive at different values for the
activation energy as indicated in the figure. The two dotted lines yielding two different
numbers hence provide a possible range of values (corresponding to an error bar) with the

higher value (0.3 eV) obtained by including the LEEM data and the high temperature UV-
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PEEM data point, while omitting them a value of 0.22 eV is obtained. A detailed discussion of

the implications of the activation energies on the molecular diffusion will follow in section 4.

3.4 Influence of surface morphology on the growth mode of thin films

It has often been observed that the growth behavior strongly depends on the substrate
temperature, which is not surprising. However, the observation that for a particular system
(PTCDA/Ag(111)) between about 200 and 450 K all three different growth modes (Volmer-
Weber, Frank-van der Merwe, and Stranski-Krastanov) can be found is interesting!?. This
means that for all practical purposes the adsorption temperature has a major influence on
the molecular structure and hence on the electrical and even optical properties, in

agreement with previous findings?®.

In the present study we present another surprising observation, namely that two growth
modes occur simultaneously on the same surface under identical conditions (temperature
and molecular flux) depending only on the particular surface morphology. This is displayed in
Fig. 5, which shows LEEM results obtained during PTCDA deposition at 350 K. On the bare
surface (Fig. 5a) one observes again areas with a high density of step bunches as well as
areas with only atomic steps and large smooth terraces in between (as indicated in Fig. 5a).
Upon deposition of PTCDA one can follow a typical layer-by-layer (Frank-van der Merwe)
growth for several layers in the areas with only atomic steps, while on the step bunches 3D
objects (PTCDA crystallites) appear after completion of the second layer. This development is
best seen in the movie which is provided in the supplementary information thereby proving
that the microscopic observation of the dynamic development of an adsorbate layer may be

very helpful for extracting additional information compared to static measurements.

3.5 Molecular orientation and bonding
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Seeing the 3D islands or the inhomogeneity within the first layers one may ask the question
whether the molecules all exhibit the same orientation or whether crystallites with different
structures (and hence inclined molecular angles) exist on the surface. The answer can be
derived from Fig. 6a which displays spatially resolved near-edge x-ray absorption (NEXAFS)
spectra for two different polarization directions of the incoming x-rays and three different
areas on the surface. The latter are color-coded such as the spectra and are indicated in the
NEXAFS-PEEM maps below (Fig. 6b left), taken at two different absorption energies. These
two energies were chosen either below the absorption edge (282 eV) or in the peak of
maximum absorption (286 eV) leading to a reversal of the contrast in the maps shown in Fig.
6b. For the map recorded below the absorption edge, the detected electron emission stems
mainly from the substrate and is attenuated by the molecular layer (which hence appears
dark) while in the case for maximum absorption the emission mainly stems from the
molecules (which hence appear bright). For the spectra and maps taken with s-polarization
(Fig. 6¢) there is obviously no absorption maximum and hence also no contrast reversal in

the maps.

In Fig. 6a we have concentrated on the energy range in which the m-resonances occur. From
the data of Fig. 6a one may derive two important pieces of information: Firstly, the strong
dichroism for p- and s-polarization clearly indicates that the molecules are oriented parallel
to the substrate surface using the common selection rules®l. It is of course interesting that
this is apparently the case for the double and triple layer (and hence for the first layer) as
well as for the 3D islands. This result is unambiguous although the spectra exhibit different
noise levels, which is due to the very small areas recorded, and show small differences
(especially for s-polarization), which are due to the known normalization difficulties at the

carbon edge®?. The second observation is that all spectra are very similar to each other and
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to those of thick PTCDA films (or gas phase PTCDA) but are very different from those of the
PTCDA monolayer on Ag. This is another indication that the bonding of PTCDA to Au is weak
and can be described as physisorption while on the Ag surface the molecules are

chemisorbed changing the electronic molecular structure significantly?* 4447,

4. Discussion — Comparison with Ag(111)

Summarizing the presented data we conclude that PTCDA adsorption on Au(111) is in some
respect similar to that on Ag(111) but that there are also significant differences. Those are
most likely connected with the different interface bonding in both cases as discussed above
but may also arise from differences in surface morphology. We note that the significantly
stronger bond to Ag(111) may lead to a complete, large-scale reorganization of the surface
involving PTCDA-induced step bunching such that vicinal faces are created by large mass
transport of Ag atoms induced by the adsorbate bonding®*'” . In contrast, the Au(111)
surface is hardly affected by PTCDA adsorption. This is underlined by the observation that
the well-known (22xv3) reconstruction of the clean Au(111) surface remains unchanged
upon PTCDA adsorption??, thus indicating the weakness of the adsorption bond. This is
further corroborated by the electronic data of the monolayer which are very similar to those

of thick PTCDA films (see above and 244446,

Therefore it seems surprising that only few differences are observed between the growth
behavior of PTCDA on those two substrates. Perhaps most surprising is the difference in
activation energies for diffusion in the first layer. On Ag(111) two different regimes with
different activation energies of diffusion were distinguished?®3: the value on smooth surface
areas is 130 meV, while on rough areas (high step density) the derived value (“10 meV”) is

temperature-independent because the island formation is determined by the substrate
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defects and not by the diffusion length. The values derived from the Arrhenius plots for
PTCDA on Au(111) lie between 220 and 300 meV (see above and Fig. 6), and hence are
significantly larger than those derived for PTCDA on Ag(111). At first glance, this appears
surprising because the chemical bonding of the monolayer to the substrate is much stronger
for Ag(111) than for Au(111), indicating that bonding energy and activation energy for

diffusion have little to do with each other.

What is the reason for the higher activation energy for PTCDA on Au(111), or better, the
relatively low activation energy for PTCDA on Ag(111)? We suggest that the activation
energy of diffusion on Au(111) represents the regular case, i.e. that bonding sites, steps, and
step bunches of the substrate are the natural obstacles which determine the diffusion
behavior. This is in agreement with the observation that there are differences for the
diffusion over terraces and across single atomic steps as compared to diffusion across step
bunches, because we could observe a delayed filling of the monolayer on step bunches (see,
e.g., chapter 3.3 and Fig.3d-f) while we did not find quantitative differences for the

activation energies between different areas on the surface (as on Ag(111)).

Why is the activation energy for diffusion on Ag(111) different and why is it so low? We
suggest that this is due to a kinetic precursor state, which has been found in many
adsorption studies in the past (see, e.g., >3). Such precursor states occur if the deposited hot
atoms or molecules remain in a diffusive, weakly bound state until they find a suited
adsorption site where they finally stick, possibly after having overcome an activation barrier.
For PTCDA on Ag(111) this activation barrier may arise from the fact that the molecule is
being distorted with respect to its original molecular structure®* when it is finally
chemisorbed either forming an ordered overlayer (at RT or higher temperatures) or a kind of

chemical precursor state®> which is very different from the kinetic precursor since it is also
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chemisorbed and occurs at low temperatures (e.g. 150 K) but shows only short-range order.
This adsorbate state has a slightly different geometric structure and electronic signature as
compared to the stable final adsorption state and is irreversibly transferred into this state

upon mild annealing (e.g. at room temperature).

The small activation energy on smooth Ag(111) is then due to the small potential corrugation
that the weakly bound kinetic precursor state senses. The negligible activation energies on
rough Ag surface areas may then be related to an even smaller interaction (and hence
potential corrugation) between the steps and the precursor state. This appears reasonable
because a physisorbed large molecule has less nearest neighbors (metal atoms) on an

atomically rough surface as compared to a smooth surface.

In addition to the diffusion barriers we observed a few more differences, which are most
likely related to the different bonding to the substrates. For instance, the fact, that PTCDA
molecules on Au(111) first nucleate on the terraces of bare areas with few (monoatomic)
steps and only at the end of the filling of the monolayer cover the step bunches, while on
Ag(111) they first adsorb at steps or step bunches and then on the (111) terraces, is certainly
related to the bonding. Also the observation made in the present work, that in the first half
of monolayer growth on Au(111) sometimes islands grow inhomogeneously and exhibit
holes that are filled before completion of the monolayer, is different from the observations
made on Ag(111). Especially the rapid, wave-like formation of large islands by integration of
smaller islands and by filling additional molecules into the holes and spaces is special in the
present case and has not been observed before, for example for PTCDA on Ag(111)*. We
argued above that this reorganization of the adlayer requires a reorganization (e.g. shifting)
of already existing islands and hence a coordinated change of many molecules in the

adsorbate layer. This is only possible if the lateral corrugation of the bonding potential of the
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metal substrate is small compared to the intermolecular interaction. This argument is in
agreement with the observation that on Au(111) the herringbone structure of the substrate
survives the PTCDA adsorption, while on Ag(111) large-scale reconstructions of the substrate

atoms are induced by the PTCDA adsorption®>17 .

As a further difference in the desorption behavior of PTCDA on Au(111), on Ag(111) we
found, that the first layer is not desorbed but dissociates upon heating. For higher layers we
observed complete reversibility, i.e. the movie (S| information) displaying desorption gives
the impression as if the adsorption movie was displayed in reverse direction!?. On Au(111)
adsorption and desorption of the second and higher layers is also essentially reversible
(compare Figs. 1 and 2, and see chapter 3.2). However, the monolayer can also thermally be
desorbed, and its desorption and adsorption behaviors are not reversible. Adsorption and
nucleation on Au(111) first occur on the flat terraces between single atomic steps, and later
the stepped areas are being covered before completion of the first layer. Reversibility would
imply that desorption from areas that are covered first desorb last, but here the molecules
first desorb from the flat terraces (as seen by comparing Fig 1 b & d with Fig. 2 f & e). To our
knowledge such a microscopic irreversibility in adsorption/desorption processes has not yet

been observed for large molecular adsorbates.

Finally, we note an additional difference between the two substrate surfaces: On Au(111) we
found unexpectedly that two different growth modes occur simultaneously under identical
preparation conditions (temperature, molecular flux) only dependent on the surface
morphology (see Fig.4 and chapter 3.4). In surface regions with large flat terraces separated
from each other only by single atomic steps the PTCDA layer grows layer-by-layer in a nearly
perfect Frank-van-der-Merwe growth mode. However, in surface regions with a high density

of steps and multi-atomic steps, i.e. step bunches, only the first two layers grow layer-by-
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layer followed by growth of 3D crystallites or 3D islands which is usually called Stranski-
Krastanov growth. Also on Ag(111) we observed both growth modes but they were only
temperature- (and most likely also flux-) dependent but independent of the surface

morphology.

5. Conclusions

We emphasize here that an important finding of the present work is this dependence of the
growth mechanism on surface morphology because it means that the result of substrate
surface preparation can strongly influence the properties of thin organic films. For instance,
if the preparation has resulted in a flat surface with few atomic steps and large (111) areas in
between, PTCDA film growth may lead to a rather homogeneous and ordered film of several
well-stacked layers. If, however, the preparation resulted in a microscopically rough surface
with many step bunches, i.e. with a very high step density, the Stranski-Krastanov growth
mechanism will lead to 3D-islands or 3D-crystallites. Knowing that on Ag(111) different
growth temperatures, and hence different growth modes, have led to very different optical
properties (i.e. different absorption or emission spectra in the VIS range, fluorescence yield
differing by factor 20, etc.®) we conclude for the present case that different preparation
results of the substrate surface may lead to very different, perhaps irreproducible optical
properties of the deposited organic films. We further note that seemingly identical
preparation conditions may nevertheless result in different substrate surface morphologies
(for example as a function of the cleaning cycles or as function of the substrate topography)
and hence different optical and electrical properties. Thus, we conclude that the detailed
control of substrate morphology and film growth are key for the preparation of metal-
organic hybrid systems with reproducible and selected properties, at least for significantly

interacting molecules such as PTCDA.
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Supporting Information Description

Movies 1 and 2 are supplements to Fig. 1 and 2, respectively. They show the growth and
desorption of PTCDA on the Au(111) surface, as observed in PEEM. The field of view (FoV) is
the same as in the figures. Movie 3 supplements Fig. 5 and shows the growth of PTCDA on
the Au(111) surface, as observed by LEEM, in a FoV containing both, stepped and flat regions
resulting in layer-by-layer and Stranki-Krastanov growth in the two regions. In movies 4 and
5 (PEEM) the growth of PTCDA on Au(111) can be followed at 348 K and 423 K, respectively.
Movie 4 has FoV of 27 pm, movie 5 starts with a FoV =27 um and continues with

FoV =55 um.
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Captions:

Figurel

UV-PEEM images of the growth of PTCDA/Au(111) at 470 K. The deposition rate is
0.22 ML/min. Nominal PTCDA coverages in the sequence (a) to (f) are 0, 0.5, 0.7, 0.9, 1.5,
and 2.5 MLs. The acquisition times are 4 seconds every 6 seconds; image (a) is the average of
a stack of 10 images to enhance the visibility of low intensity features of the substrate like
step bunches (see arrow). The latter appear as bright lines across the otherwise dark (i.e.
clean) substrate. Image (a) has a twofold higher magnification with respect to the rest of the
sequence; the imaged region is highlighted by a square in (b). The scale bar in (e) is 5 um. In
(b) — (d) two different types of film phases exist simultaneously: one is highly defective (i.e.
rich of holes with sharp edges) and one is a fully closed, homogeneous monolayer (indicated
by a surrounding yellow line). The latter rapidly expands as function of coverage as seen in

(c)-(d). In (e) and (f) areas of higher coverages are indicated.

Figure2

UV-PEEM image sequence of the desorption of 6.6 ML of PTCDA from the Au(111) surface.
The temperature was increased from 470 K to 690 K at a rate of 7.3 K/min. The calculated
coverages are 6.6, 2, 1.35, 1, 0.8 and 0.15 ML for (a) to (f). The sequence has been taken
from the same surface region as in Fig. 1. The magnification is the same in all images; the
scale bar in (e) is 5 um. Areas of uncovered Au(111), 1 ML, 2 ML, and more ML PTCDA

coverage as well as 3D-islands are indicated in the images.

Figure 3

(a)-(e) LEEM images recorded with 3 eV electron energy representing the growth of 1 ML of
PTCDA on a selected Au(111) surface region at 380 K. In (a) surface areas with different
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substrate morphologies are indicated. The coverages are 0, 0.29, 0.57, 0.86, and 0.91 for (a)-
(e); the brighter regions are PTCDA covered. The magnification is the same in all images; the
scale bar in (e) is 5 um. In (b) and (c) the same substrate region is highlighted by a yellow
ellipse to show the development of the monolayer film as function of coverage. In figure (f)
the coverage evolution during growth on a substrate area with a high density of step
bunches during growth is displayed. The line profiles of figure (f) were taken at increasing
coverage along the long side of the red rectangle highlighted in (e) while averaging along the
perpendicular direction. The horizontal red lines indicate the line profiles of figures (b) to (e).
The sketch at the top of figure (f) pictures how PTCDA grows from flat regions into the highly

stepped region.

Figure 4

Arrhenius plot of the nucleation density of the PTCDA monolayer on Au(111) as a function of
substrate temperature for two imaging methods. Two lines, dashed and dotted, are fitted to
the data in different ways (as described in the text); they result in two different activation

energies (300 and 220 meV) which indicate the range of possible activation energies.

Figure 5

LEEM images recorded with 3 eV electron energy representing the multilayer growth of
PTCDA on the same Au(111) surface region at 350 K. The coverages in the sequence (a) to (c)
are 0, 3.8 and 6.8 ML. The imaging conditions were chosen such that thicker layers have
different gray tones (see, e.g., in (b)), while 3D-islands appear white in (c). The different
growth regimes are indicated in the figure. The magnification is the same in all images; the

scale barin (a) is 1 um.
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Figure 6

(a) NEXAFS spectra of PTCDA on Au(111) for different PTCDA coverages (see color code in
inset) for p-polarization (left) and s-polarization (right). The polarization vectors for p- and s-
polarization are 20° and 90° with respect to sample normal, respectively. (b) and (c) two
NEXAFS-PEEM images recorded with photon energies below the adsorption edge (282 eV)
and in the absorption maximum (286 eV) using p- and s-polarized light, respectively. The
colored curves in (a) have been obtained by integrating over the colored regions shown in

(b)-left. The magnification is the same in all images; their field of view is 7.2 x 7.2 pm?,
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