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Real-Time Microscopy of Reorientation Driven Nucleation
and Growth in Pentacene Thin Films on Silicon Dioxide

Abdullah Al-Mahboob, Yasunori Fujikawa, Toshio Sakurai, and Jerzy T. Sadowski*

The role of molecular reorientation processes in the self-assembly of aniso-
tropic molecules, such as pentacene (Pn) is studied utilizing a unique capa-
bility of low-energy electron microscopy (LEEM) for the real-time investigation
of the film growth. In Pn film on SiO,, a layer-by-layer growth is observed,
albeit different from the expected Volmer—Weber growth mode typical for

the systems with lower adhesion (weak interfacial interaction). The observed
growth mechanism is also different than conventional concept of layer-by-
layer, or Frank van der Merwe growth. In the Pn/SiO, system the nucleation
density decreases in each consecutive layer, at least up to four monolayers.
This growth mechanism is hereafter named inverse Stranski-Krastanov
growth. Furthermore, in this growth system the second layer islands nucleate
preferentially at the domain boundaries formed by the interconnections of
the bottom (first layer) domains. The top layer overgrows bottom layer with
its own, initial in-plane crystal orientation, regardless of the in-plane orien-
tations in underlying Pn domains. The dark-field LEEM imaging allows us

to distinguish between Pn domains having different azimuthal direction of
molecular tilt. LEEM intensity versus start voltage (LEEM I-V) curves taken

in the vicinity of mirror potential from the first and second layer Pn islands
show that the surface potential of the second layer is higher by about 0.05 eV

devices are comparable to!l or even
better®?! than those made of amorphous
silicon. The record RT hole mobility in
organic devices made of single crystal Pn
is as high as 35 cm? V! 571 However,
the carrier mobility in Pn thin film field-
effect transistors (FETSs) is at best at the
order of =1 cm? V7! 571 which can be
explained by the lack of a control over the
crystallinity of organic thin films, defects
at interface and high density of domain
boundaries.

Pentacene molecules form layered
crystal structures in both, bulk® and thin
film phases,®! where the molecules are
arranged in a tilted, standing-up orienta-
tion, with a surface generally defined as
(001) or ab-plane, being the most stable
crystal face.”l The schematic of the Pn
unit cell with the outlay of the in-plane
lattice vectors is shown in Figure 1. When
deposited on noble metals,®1! Pn adsorbs
in a lying-down configuration, whereas on

than that of the first layer, while the surface potentials for the epitaxial and

non-epitaxial parts of the second layer island are identical.

1. Introduction

Recent progress in the field of organic electronic devices
receives significant attention due to their potential for low
cost, facile manufacturing, underscoring its importance for the
microelectronic industry. Among currently investigated organic
materials, pentacene (Pn, CjpH;,) appears to be particularly
interesting, since in terms of field-effect mobility, Pn-based
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insulating,'? or semiconducting/semime-
tallic inorganic surfaces,['>-1% Pn films are
terminated with a standing-up molecular
orientation (the ab-plane being parallel to
the substrate surface). In bottom-contact
FET structures containing both, metallic and insulating sur-
faces, such substrate-dependent molecular ordering often leads
to growth defects at the boundary between metal contacts and
the dielectric. This problem can be solved by tuning the inter-
facial interaction between electrode and Pn molecules through
the modification of the electrode surface.['’]

Specifically, the quality of first few, nearest to the substrate
Pn layers, is crucial for device performance.'® It has been
shown that an anisotropy in molecular structure greatly influ-
ences growth kinetics of organic thin films,31923 and thus
affects their crystallinity. In our previous investigation we have
found that in case of vacuum deposited Pn the growth anisot-
ropy of self-organized Pn film is related to kinetic processes,
rather than to thermodynamics, irrespective of the presence,
or lack of epitaxial commensuration with the substrate.l'l We
have shown that Pn film growth is governed by slow kinetic
incorporation process, caused by an energy barrier for mol-
ecule reorientation (hereafter the reorientation-limited growth),
which can result in a formation of giant single crystalline Pn
islands. The concept of such reorientation process in the self-
assembly of Pn film is illustrated in Figure 2. In the case of
inorganic film growth with symmetric atom as a growth unit,
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Figure 1. a) Sketch of the Pn molecule; LMA stands for the direction of long molecular axis;
b) top view and c) several different side views of the Pn unit cell with the outlay of in-plane

lattice vectors.

the nucleation, growth anisotropy and growth modes can be
determined respectively by diffusivity, step energies and orien-
tation independent interfacial energies. Situation can be more
complicated in case of organic film growth. Because of its
planar structure, an isolated, diffusing Pn molecule is expected
to be lying-down on a flat substrate surface, as the interaction
in this configuration can be maximized (Figure 2b). On the
other hand, after self-assembly into the thin film the Pn mol-
ecules are standing-up with the (001) plane as the surface.?
Larger interface interaction results in longer diffusion time and
thus larger equilibrium density of diffusing molecules.

In this work we investigate in detail role of molecular ani-
sotropy and strength of interfacial interactions in control-
ling of the nucleation and growth of vacuum deposited Pn
thin films. We show that the mechanisms of nucleation and
growth in organic film can deviate from the classical models
developed for inorganic film growth.”>-?7l We also report on
details of molecular ordering and twinning in Pn films on
Si0,.
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2. Results and Discussion

2.1. Mechanism of Nucleation and Growth
Modes of Pentacene

(c)
L bj ; i 7 Cac+b0§ L4 T In course of our experiments we have exten-

sively examined the growth of pentacene on
SiO, at various growth conditions, varying
deposition rates and substrate tempera-
tures. For the substrate temperatures from
room temperature (RT) to about 80 °C, Pn
was observed to grow in a layer-by-layer mode, at least up to
completion of the third layer. When the substrate was kept at
RT, completion of the first standing-up layer and completion
of the second layer after its nucleation begun required almost
identical amount of nominal deposition, indicating lack of
formation of a wetting layer. With increase in the substrate
temperature, time required for the completion of the first ML
(at the same deposition rate) gradually became longer due to
thermal desorption of Pn from the weakly interacting SiO,. The
completion of the first ML also took longer than the completion
of the second ML, indicating that the interaction between Pn
and SiO, is weaker than that between Pn molecule and Pn ter-
races (layers). Series of low-energy electron microscopy (LEEM)
images obtained during such a layer-by-layer growth of Pn on
SiO, at a substrate temperature of 65 °C is shown in Figure 3.
From these LEEM data it is also apparent that the nucleation
density for the second layer islands is lower than that for the
first layer, and even more so, the density of the third layer Pn
islands is lower than that for the second layer.

According to classical thin film growth
theory, the initial layer-by layer or Frank-
van der Merwe (FM) growth!®! should be a
characteristics of a stronger interfacial adhe-
sion between first layer and substrate, rather
than the interlayer cohesion between first
and second layer. In general, after forma-
tion of initial stabilizing layer (i.e., weak-
ening the interaction with the substrate), the
local growth instabilities result in Stranski-—
Krastanov (SK) growth. Because of the exist-
ence of the Ehrlich—Schwoebel (ES) barrier
(70 meV in case of Pnl?$%)), which increases
the concentration of the diffusing molecules
on the terraces, the growth should turn soon
into SK growth,?¥ ie., gradual increase in
nucleation density of the islands in subse-
quent layers should be observed. In fact,
we have observed the opposite—a gradual
decrease of nucleation density when the

Interface interaction

Figure 2. Schematics depicting the comparison between growth and nucleation processes in
inorganic and organic anisotropic molecular system such as Pn film: a) Interfacial interaction
for a diffusing atom is similar as that for an atom at the step edge thus the nucleation and
island evolution can be determined from diffusivity, attachment-detachment energy barriers
and step energies; b) Interfacial interaction for diffusing lying-down molecules (i.e., Pn) is dif-
ferent than that at the step edge; c) The strength of interfacial interaction at the diffusion state
determines the energy barrier for reorientation, such that the stronger interaction increases the

relative stability of diffusing molecules.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

number of layers increases. We will call this
phenomenon an inverse Stranski-Krastanov
(inverse-SK) growth.

As discussed above, the interfacial adhe-
sion between SiO, and Pn is much weaker
than the interlayer cohesion between first
and second pentacene layers, which was
observed also in the previous work.2% One

Adv. Funct. Mater. 2013, 23, 2653-2660
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Figure 3. Time series LEEM images recorded during Pn deposition on
SiO, at substrate temperature of 65 °C: a) first layer Pn islands; b) onset
of the nucleation of second layer islands; c) second layer islands on first

layer; and d) third layer islands on the second layer, respectively. The field-
of-view for all images is 30 um.

could speculate that this energetic balance should result in ini-
tial 3D or Volmer—Weber (VW)[?”) growth within the regime of
classical film growth. In fact we seldom observe a growth of Pn
bilayer (primarily on surfaces not treated with plasma), which
is, in any case, subsequently followed by the inverse-SK growth.
In order to understand this nucleation and growth process we
have proposed a reorientation-limited film growth model.'*3!
According to this model, the energy barrier for the film growth
includes both, an energy barrier for molecule reorientation
from lying-down, diffusive state to standing-up orientation (a
transition state, TS), and a barrier for molecule attachment
at the island edges. The attachment energy barriers for mol-
ecule to incorporate from TS into an island are independent of
substrate for a given Pn polymorph, while the energy barrier
for reorientation is substrate-dependent, i.e., stronger adhe-
sion makes energy barriers for the reorientation larger. This
reorientation barrier strongly influences the nucleation and
growth processes in Pn films. It should be noted here that if
the interfacial interaction is too strong, incorporation barrier
becomes too high to overcome, which prevents Pn molecules
from standing up at the first layer, as it has been observed in
Pn grown on Cgy(111) surface,®? or Pn deposited on noble
metals.®?) On moderately interacting surfaces, the presence of
the reorientation barrier makes the probability for a molecule
to be standing-up lower than the one on a weaker interacting
surface, which in turn results in the attachment of molecules at
the island edges being slower for the identical molecular con-
centration on the surface. In order to form a critical nucleus
of size i, a standing-up molecule needs at least additional (i-1)
standing-up molecules at the closest neighborhood. According
to the scaling analysis by Stadlober et al.,’%! for the Pn it is 3
< i< 4. As the interaction between Pn molecule and first Pn
layer is stronger that that between Pn and SiO, substrate, the
nucleation probability for the second layer becomes lower and
the inverse-SK growth is observed in the second layer.

In separate set of LEEM experiments, we have determined
that the second layer nucleates preferentially at the domain
boundaries (DBs) formed by connections of the first layer
islands. This is due to fact that high defect density at DBs
results in a longer residence time for Pn molecule in compar-
ison with that at the center of domain. This longer residence
time of Pn molecules at DBs makes the local molecular density
gradually higher as additional molecules are being supplied by
deposition and diffusion, so there is a greater chance to reach
critical molecular concentration to form an island there.

As noted above, the nucleation density of subsequent layers
is further lowered. This is caused by: (1) a decrease in density
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of grain boundaries, which allows the molecules diffuse freely,
and (2) an increase in the interlayer cohesion (lowest for the
thin-film phase, highest fro the bulk-terminated surface). After
certain number of layers is grown and the interlayer cohesion
does not change anymore, we do not expect further decrease in
nucleation density due to the reorientation barrier. Instead, the
ES barrier might be effective in increasing the density of dif-
fusing molecules on the terraces, and thus the growth mecha-
nism changes from inverse-SK to SK one. In fact the presence
of the SK-growth in the thicker Pn films on SiO, has been doc-
umented in literature.?¥l The fact that the inter-layer cohesion
increases with the film thickness, was confirmed by our calcula-
tions of the inter-layer energies between the neighboring layers
of Pn. The calculations were performed for bilayer Pn with a
vacuum slab. We considered various in-plane lattice parameters
to account for thin film phases,® a ML Pn on SiO,,’% a ML
Pn on H-Si(111),' and the bulk phase (Holmes).® According
to previous studies, the in-plane lattice parameters vary little
between different thin film phases and the magnitude of in-
plane lattice vectors, as well as molecular tilt at (001) plane
increase from a thin film phase Pn to a bulk-terminated Pn.[37]
From earlier experiments reported by Cheng et al. it is known
that both, molecular tilt and the surface energies of Pn on SiO,
increase with the film thickness.?”) Our density functional
theory (DFT) calculations further indicated that an increase
in inter-layer cohesion is related to the increase in molecular
tilt. Therefore the gradual increase in cohesion and observed
preference in nucleation at DBs at lower thickness suggest
that the combination of both, change in the inter-layer energy
at subsequent layers and limited diffusion at grain boundaries,
are responsible for the inverse-SK growth. At elevated tempera-
tures, when the activation to standing-up TS on SiO, substrate
is easier, interfacial adhesion and inter-layer cohesion will
dominate over reorientation processes. Thus the film growth
is expected to be governed in accordance with well established
classical models, and we should observe the VW growth. In
fact we have seen such 3D growth in our experiments, when
Pn was deposited at substrate kept at around 120 °C. Similar
3D growth of Pn films grown on alkylated substrates SiO, at
elevated temperature is reported elsewhere. 3l

To further confirm our claim that nucleation and film
growth mechanism of Pn film grown on substrate kept at close
to RT is associated with the reorientation processes rather than
classical concept of interfacial adhesion/inter-layer cohesion,
we have grown Pn on semimetallic and semiconducting sub-
strates, in which cases the interfacial adhesion is somewhat
stronger than that on SiO,. According to previous reports,!!’]
nucleation density of standing-up Pn at RT on such substrates
is very low because of large reorientation energy barrier, and
the first layer island density on well ordered substrates is as
much as six orders of magnitude lower than that observed on
SiO, substrates. Typical example of a growth of Pn on semi-
conducting on3-Bi-Si(111) is shown in the LEEM images in
Figure 4. In this case we expect similar Pn inter-layer cohesion
as in the Pn/SiO, system, but still being weaker than the inter-
facial adhesion. Interestingly, in this case the observed growth
mode somewhat resembles the SK-type—the nucleation density
in the top layer is several orders of magnitude higher than in
the first layer. The second layer island density is comparable to
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Figure 4. LEEM images of sub-ML Pn grown on on/3-Bi-Si(111) at RT: a)
step-flow growth of the first layer Pn island (bright); and b) second layer
islands (brighter) on top of the first layer Pn. The field-of-view for both
images is 30 um.

that for second and third layer Pn on SiO,. This observation
again implies the validity of proposed mechanism, in which
the nucleation and Pn film growth on SiO, are predominantly
determined by the molecule reorientation-limited processes.
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2.2. Molecular Ordering and Twinning in Pn Films

In the previous section we have shown that the second layer Pn
on SiO, or inert dielectric surfaces has lower nucleation density
than that of the first layer, which is driven by molecule reor-
ientation-limited processes. Another important observation is
that the second layer islands overgrow first layer keeping their
own initial in-plane crystal lattice orientation, regardless of in-
plane lattice orientation of the bottom layer, even as they spread
over several randomly oriented grains. In such case, the mis-
alignment between overlayer and a bottom layer lattices should
increase the inter-layer energy. On the other hand, if Pn island
has to follow the bottom layer lattice registry, the in-plane lat-
tice orientation is required to change when the growth front
of second layer island moves forward from the terrace of one
first layer island to another one. Such process will increase the
energy of the film by the cost of the formation of lattice mis-
match within the second layer. According to the DFT calcula-
tions (local density functional (LDA) approach), the interlayer
binding energy (480 meV per unit cell) within the free-standing
double layers (BL) is almost one order of magnitude smaller
than intermolecular binding energy within
a layer (3.2 eV per unit cell). This results in
smaller energy cost for inter-layer mismatch
at growth front in comparison to that for cre-
ation of additional domain boundaries in the
top layer. Therefore the crystal orientation of
second layer remains stable during island
evolution regardless of the orientation in the
bottom layer.

The interlayer electronic coupling varies
because of locally different relative azimuthal
orientations of first and second layers. This
can influence the quality of crystalline
ordering within the islands in the top layers
and thus the electronic properties of penta-
cene thin film. This difference in crystallinity

Intensity [a.u.]

is evident in the bright-field LEEM images
shown in Figure 5. In the bright-field LEEM
image taken under normal imaging condi-
tions there is no discernible contrast within
a second layer island (Figure 5a). However,
when the electron beam is slightly tilted
from the surface normal, clear relative con-
trast within various portions of second layer
islands appears in the LEEM image shown
in Figure 5b, illustrating rather complex epi-

03-02-0.10.0 01 0.2 03 0.4 05 0.6 0.7 0.8

taxial relations between the second and first
layer.
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Figure 5. a) Bright-field LEEM image showing second layer Pn (bright) on first layer (gray)
grown at 75 °C on SiO,—no apparent contrast within the island is visible in this imaging mode;
b) Bright-field LEEM image of the island shown in (a) with the electron beam tilted in an arbi-
trary direction—this time a contrast is visible within an island, which is associated with locally
different relative in-plane orientations between second layer island and first Pn layer; c¢) LEEM
image showing second layer islands on Pn/SiO2 grown at 55 °C taken at similar imaging condi-
tions as (b); d) LEEM I-V curves taken from the first layer (labeled “1”) and two different areas
of the second layer island (labeled “2a” and “2b”, respectively); The imaging electron energy
is 0.4 eV, 2.5 eV and 1.0 eV in (a), (b) and (c), respectively, while field-of-view is 10 um in all
LEEM images.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

To analyze such surface potential shifts in
greater detail, we analyzed the LEEM inten-
sity versus start voltage (LEEM [-V) curves
from the first and second layer Pn islands,
where the start voltage (which defines effec-
tive kinetic energies of electron at the sample
surface) was varied around the one corre-
sponding to mirror mode imaging condi-
tions.? In this mode, when the imaging
electrons have energies lower than the

Adv. Funct. Mater. 2013, 23, 2653-2660
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mirror potential value, they are reflected back before reaching
the sample surface, resulting in the high intensity in the cor-
responding LEEM image. At a start voltage corresponding to a
mirror potential, the electrons just reach the sample surface,
and the reflected or backscattered intensity is lowest. When the
start voltage exceeds the mirror potential, the energy-dependent
reflectivity and diffractive scattering cause the local intensities
in the LEEM image to vary, depending on the local elemental
and crystallographic structure of the surface. Changes in the
apparent mirror potential (changes in start voltage corre-
sponding to mirror imaging conditions) in the LEEM images
directly correspond to the shift in the effective surface poten-
tial, i.e., shift of the start voltage towards lower values indi-
cates higher surface potential of the sample. In a number of
the LEEM studies, such potential shift towards lower value is
regarded as corresponding to lowering of the work function of
the surface.%

A tilted-beam LEEM image taken from the Pn film on SiO,
composed of few second layer islands (brighter) on top of full
first layer (darker) is shown in Figure 5c. Additional relative
contrast is visible between epitaxial (brighter) and non-epi-
taxial (darker) part of the second layer island (areas 2a and 2b
in Figure 5S¢, respectively). The LEEM -V curves taken from
the first layer and different parts of the second layer island are
shown in Figure 5d. One can clearly see that the surface poten-
tial of the second layer is higher by about 0.05 eV in relation to
that of the first layer, while there is no difference in the surface
potentials for the epitaxial and non-epitaxial parts of the second
layer island.

This is in partial agreement with an earlier work by Kalihari
et al.,*l who reported on the local electrostatic potential dif-
ferences for variously oriented second layers of Pn in Kelvin
probe force microscopy (KFM) measurements. They concluded
that the second layer has a positive potential with respect to the
underlying layer, and the second layer domains that are epitaxi-
ally aligned with the first layer have significantly more positive
surface potential than the non-epitaxial domains.

Interestingly, a photoemission electron microscopy (PEEM)
image in Figure 6a, taken with a Hg arc lamp as an UV excita-
tion source, shows darker contrast for the second layer islands,
than this of the first layer. This may imply that the work func-
tion of the second Pn layer is higher that that of the first layer,
however we cannot exclude the attenuation of the emission

Figure 6. a) Threshold PEEM image and b) a bright-field LEEM image
(taken at 1.7 eV) of the same area showing second layer islands; the
second layer islands appear darker than the first layer in the PEEM image.

Adv. Funct. Mater. 2013, 23, 2653-2660
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from the substrate by elastic and inelastic scattering of the
emitted substrate electrons migrating through the organic
layer. The corresponding LEEM image, taken from the same
surface areas, is shown in Figure 6b.

The relative orientation between first layer and second layers
affects the crystallinity and out-plane electronic coupling, which
in turn influences the out-plane electronic transport properties,
such as bias induced dipole, or charge injection, and out-plane
carrier hopping. Therefore, the epitaxial relation between Pn
layers affects device properties as well as contributes to the con-
trast between epitaxially matched and mismatched layers in the
Kelvin-probe measurements.

We have reported previously that the molecular tilt in the
Pn layer with respect to surface normal introduces asymmetry
in micro-beam low-energy electron diffraction (u-LEED) pat-
terns at very low kinetic energies of incident electrons.l'® This
property can be used for spatially-resolved LEEM mapping of
molecular tilt in Pn films. In the case of Pn on SiO,, the molec-
ular tilt is very small. The calculations indicate that it is 1.1° for
free-standing, thin-film like Pn ML on SiO,, and 9° for the free-
standing, bulk-like Pn ML. Despite that, by slightly varying the
electron beam tilt in regard to the surface plane, the imaging
conditions can be tuned to obtain imaging contrast between
different second layer islands, that have random relative in-
plane lattice orientations. Similar contrast variation is also
found between epitaxial and non-epitaxial portion of a second
layer island that overgrows several different first layer islands.
Analogous to a grain boundary, the interlayer mismatch can
introduce tilt domain boundaries and can affect an intra-layer
carrier transport, in addition to influencing the interlayer elec-
tronic coupling.

It is interesting to see what is the epitaxial relation between
first and second layer in Pn film on SiO, if the nucleation of
the second layer island occurs at the center of the first layer
domain, rather than at the DB. In this experiment, initially the
first layer domains were grown at a constant deposition rate
(<0.05 ML/min), keeping the SiO, substrate at a constant, ele-
vated temperature of about 80 °C, resulting in very low nuclea-
tion density in the first layer. The deposition was stopped at a
particular sub-ML coverage when the island sizes were in the
order of second layer inter-island separation, when grown at
RT. At this coverage, islands sizes were still relatively small in
comparison to their separation, making the overlapping of dif-
fusion fields of the neighbors small enough to allow recogni-
tion of the initial kinetic shapes of the islands.** Subsequently,
Pn was deposited at RT with a higher flux (typically 0.1 ML/
min). At these deposition conditions, the ES barrier allows for
Pn molecules to reach critical concentration for second layer
nucleation at the terrace of first layer islands. A LEEM image
recorded after the second deposition stage is shown in Figure 7.
The second layer islands are elongated along the same direc-
tions as the bottom layer domains. The kinetic shape anisot-
ropy in Pn is indicative of identical in-plane lattice orientations
for both, first and second layers.['] Micro-beam LEED patterns
recorded from first and second layer islands (not shown), pro-
vided further evidence for the same in-plane lattice orientation
in both layers.

In their study of Pn grown on SiO,, Kalihari et al.*! found
using transverse shear microscopy (TSM) that the epitaxial
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Figure 7. A LEEM image recorded from the second layer islands nucle-
ated in the center of the first layer domain; the second layer islands are
elongated along the same directions as the bottom layer domains, indi-
cating identical in-plane lattice orientations for both, first and second
layer.

second layer of Pn appeared darker if scanned along [110] crys-
tallographic direction of the first layer, which in turn shows
“bright” contrast in the TSM image. This would suggest that
in case of the epitaxial growth, the [-110] crystallographic direc-
tion in the second layer would have to correspond to [110] direc-
tion in the first layer. Our LEEM and W-LEED results discussed
above do not support this hypothesis. Instead we postulate that
the inversion of the c*-axis (or “mirror” twinning), which is
essentially a molecular tilt switching along alternate diagonals
of the Pn in-plane unit cell between the first and second layer
islands, is responsible for the contrast formation in the TSM
measurements.

To verify the validity of this postulate, we employed LEEM
in a dark-field imaging mode to analyze the structure of the Pn
islands. In previous work we have shown that an asymmetry
in a LEED image, which manifests itself by varying intensity
of the equivalent diffraction spots, is associated with molec-
ular tilt and can be employed to differentiate between twinned
domains in Pn monolayer on Bi(0001).'% However, in case of
Pn layer on SiO, the asymmetry in the LEED pattern is not
as prominent, which is due to a very weak diffraction inten-
sity for the spots other than (00), with large background noise
resulting from charging effect at the SiO, interface, and partly
also because of smaller molecular tilt in this system. Neverthe-
less, by proper choice of the beam tilt and electron energy, cer-
tain spots could be made comparable in brightness to the (00)
spot. Such tilted dark-field (TDF) LEEM images, taken from
the islands shown in bright-field LEEM image in Figure 8a are
shown in Figures 8b,c. In the bright-field LEEM image shown
in Figure 8a, two first layer domains nucleated at close prox-
imity (domain boundary is outlined by a line), having very
close in-plane lattice alignments. The dark-field LEEM images
in Figure 8b,c show that the second layer islands are twinned
in terms of molecular tilt in regard to the first layer, and to each
other.

wileyonlinelibrary.com
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Figure 8. a) Bright-field LEEM image showing second layer islands
(bright) on top of two neighboring first layer islands (gray); note that
the second layer islands have same in-plane lattice orientations, as it
is apparent from their shapes; b,c) tilted bright-field LEEM images for
the same area using respectively (11) and (1-1) LEED spots to form the
image; The field-of-view is 10 um for all images, while the imaging elec-
tron energy is 1.2 eV, 5 eV and 5.8 eV for (a), (b) and (c), respectively;
line depicts the boundary between two different first layer domains that
nucleated in a close proximity to each other.

3. Conclusions

It is well established that the interplay between molecule-
molecule interaction versus molecule-substrate interaction in
organic film growth is a key factor in self assembly processes
in nucleation and thin film growth. In the present work we
explored the unique capability of LEEM for the real-time inves-
tigation of the film growth processes, focusing on the role of
molecular reorientation processes in self-assembly of aniso-
tropic molecules, such as pentacene.

We have observed layer-by-layer growth of Pn on SiO, sub-
strate, which is different than the expected Volmer—Weber
growth mode typical for the systems with lower adhesion
(weak interfacial interaction). The observed growth mecha-
nism is also different than conventional concept of layer-by-
layer, or Frank van der Merwe growth. In the Pn/SiO, system
the nucleation density decreases in each consecutive layer, at
least up to four monolayers. We call this growth mechanism
the inverse Stranski—Krastanov growth. Lower nucleation den-
sity in the second layer is associated with inter-layer cohesion
being larger than the interfacial adhesion. Such balance makes
the molecules less likely to transition to standing-up state from
the lying-down configuration while the molecule diffuses on
the surface. The gradual lowering of the nucleation density
in the subsequent layers continues until the ES barrier starts
do dominate the growth processes, and indeed, the Stranski-
Krastanov growth mode is observed for the thick Pn films. On
the other hand, while Pn is deposited on a substrate with which
it interacts more strongly (better adhesion), such as on semi-
conducting or/3-Bi-Si(111), it has a very low nucleation density
in the first layer, and the nucleation density in the second layer
is several orders of magnitude higher. The observed growth
modes could be explained by existence of an energy barrier
for Pn nucleation in standing-up orientation, as the molecule
needs to reorient itself from a lying-down, diffusing state in
order to build into the crystalline film.

In the Pn on SiO, growth system, the second layer islands
nucleate preferentially at the domain boundaries formed by
the interconnections of the bottom (first layer) islands. The
top layer overgrows the bottom layer domains with its own
initial in-plane crystal orientation, regardless of the in-plane
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orientations underlying Pn domains. If the top layer nucleates
on the terrace rather than at the domain boundary, it is found
to maintain epitaxial relation with the domain on top of which
it nucleated.

The bright-field LEEM characteristics and dark-field LEEM
imaging allowed us to distinguish between Pn domains having
different variation of azimuthal direction of molecular tilt. These
observations revealed frequent twinning between first and
second Pn layer and between various domains in the second
layer islands (inversion of out-plane axis or molecular tilt).

LEEM intensity versus start voltage (LEEM [-V) curves taken
in the vicinity of mirror potential from the first and second layer
Pn islands show that the potential of the second layer is higher
by about 0.05 eV in relation to that of the first layer, while there
is no difference in the surface potentials for the epitaxial and
non-epitaxial parts of the second layer island.

4. Experimental Section

In this study we employed low-energy electron microscopy (LEEM),B
which has excellent capability of combining the real-time, real-space
observations of the film morphology with the crystallographic analysis
by means of micro-beam low-energy electron diffraction (u-LEED).
Moreover, use of the low-energy electrons minimizes irradiation damage
to the specimen, making this technique especially valuable for studying
thin organic films, which are usually prone to irradiation.

Pn was thermally evaporated from a tantalum crucible on native SiO,/
Si(111), in situ in the LEEM system under ultrahigh vacuum, with base
pressure in the range of =5 x 1071° Torr, at deposition rates ranging from
0.01 to 0.1 ML/min. Here, 1 ML (monolayer) corresponds to molecular
density in the Pn(001) plane.Fl Prior to Pn deposition, SiO, substrates
were treated by air plasma. In some experiments we deposited Pn on
0 3-Bi-Si(111) and Bi(0001)/Si(111) substrates in the LEEM chamber, in
order to evaluate the role of substrate, and thus strength of the substrate-
molecule interaction on the growth mechanism of the Pn film. Ultraflat
o 3-Bi/Si(111)[® and Bi(0001)/Si(111) surfaces*Z were grown in situ on
a clean Si(111)-7 x 7 surfaces prepared by flash heating at about 1200 °C.

To complement the experimental results, we also computed in-plane
molecular packing energies and Pn-Pn interface energies using density
functional theory (DFT) calculations. The calculations were done using
the DFT Electronic Structure Program, Materials Studio DMol3,43:44l
version 5.0. Energy of the structure and optimized geometry were
obtained in DFT calculation using both, Perdew-Wang (PW) generalized
gradient approximation (GGA) functional and PW local density functional
(LDA).I The orbital cutoffs were set to 3.7 and 3.1 A for C and H atoms,
respectively (“global fine” option in DMol®). We used periodic structure
with two molecules per unit cell (four molecules per unit cell in bilayer
calculations). The double numerical plus polarization (DNP) basis set was
used and DFT semi-core pseudopotential, an all-electron scalar relativistic
pseudopotential (VPSR)(l was employed for relativistic corrections.
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