Dipl.-Ing. Levent TÜMBEK

Nucleation and thin film growth of
the rod-like molecules hexaphenyl
and pentacene on mica substrates
DOCTORAL THESIS
For obtaining the academic degree
Doktor der Technischen Wissenschaften“

Graz University of Technology

Supervisor:
Ao. Univ.-Prof. Dipl.-Ing. Dr. techn. Adolf Winkler
Institute of Solid State Physics

Graz,June 2017

Graz, am ………………

……………………………
Date

……………………………
(Unterscrift)

………………………….
(signature)

Acknowledgments
I express my deepest gratitude to people and institutions who supported me during my
Ph.D., without whom I could not have finished this work:
Austrian Academy of Science, Austrian Science Fund: For financially supporting my Ph.D.
thesis.
Special thanks to Adolf Winkler: For truly excellent supervision, guidance and support
throughout my thesis, including the chance to visit research institutes and conferences.
Special thanks for having an open mind to any kind of new ideas and being the constant
source of good atmosphere in our group.
Apart from the scientific part of my work, I would like to mention here that I enjoyed
working in such an amicable atmosphere at this institute. In this context I would like to
thank my lab mates Erkan Demirci, Thomas Potocar, Roman Lassnig, Boris Scherwitzl,
and Bernhard Putsche for many pleasant hours of working in a climate of friendship.
Additionally, I have to thank Mathias, Dana and my mother for giving bravery to finish my
Ph.D.

I

Abstract
Organic thin films have recently attracted considerable interest due to their potential
applicability for flexible organic electronics. In particular, the understanding of the initial
steps of film formation, nucleation, adsorption, diffusion and desorption is of utmost
importance for a proper tailoring of organic films. The question arises whether large,
anisotropic organic molecules behave in the nucleation process similarly as point-like
atoms. Although this has been frequently assumed to describe organic film growth, some
recent experimental results required a rethinking on this issue. In this thesis, I present some
recent results on the nucleation of rod-like molecules (pentacene (5A) and para-hexaphenyl
(6P)) on amorphous mica and draw some general conclusions on this subject. The organic
molecules were deposited on sputter amorphized mica by physical vapor deposition in
ultra-high vacuum (UHV). A quartz microbalance was used to quantify the deposited
amount. Thermal desorption spectroscopy (TDS) was applied to obtain information on the
energetics and kinetics of adsorption, nucleation and desorption. Ex-situ atomic force
microscopy (AFM) was used to determine the morphology, island density and island size
distribution of the sub-monolayer films. Both types of molecules formed islands,
composed of standing molecules, on the sputter amorphized mica surface. This is typical
for organic film growth on weakly interacting substrates, e.g. on silicon dioxide, as
frequently used in fundamental and application studies.
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Kurzfassung
Organische dünne Schichten haben wegen ihrer vielfältigen Anwendbarkeit im
Zusammenhang mit flexibler organischer Elektronik in letzter Zeit besonderes Interesse
erhalten. Insbesondere ist ein tieferes Verständnis der grundlegenden Prozesse des
Schichtwachstums, der Nukleation, Diffusion und Desorption, wichtig um das
Schichtwachstum gezielt beeinflussen zu können. Es erhebt sich nun die Frage ob sich
große, anisotrope organische Moleküle bei der Nukleation gleich verhalten wie
punktförmige Atome. Dies wurde in der Literatur bisher angenommen, unsere
experimentellen Ergebnisse haben allerdings gezeigt, daß es erhebliche Unterschiede in
diesem Zusammenhang gibt. In der vorliegenden Dissertation werden experimentelle
Ergebnisse zur Nukleation und zum Schichtwachstum der stäbchenförmigen organischen
Moleküle para-Hexaphenyl (6P) und Pentacene (5A) auf amorphem Glimmer vorgestellt
und daraus einige allgemeine Schlüsse zum Schichtwachstum organischer Moleküle
gezogen.
Die organischen Moleküle wurden mittels Dampfphasenabscheidung (PVD) unter
Ultrahochvakuumbedingungen auf Glimmeroberflächen aufgebracht, die durch Sputtern
amorphisiert wurden. Eine Quartz-Mikrowaage wurde für die Quantifizierung der
aufgebrachten Menge eingesetzt. Die Thermische Desorptionsspektroskopie (TDS) wurde
angewendet, um die Energetik und Kinetik der Adsorption, Nukleation und Desorption der
organischen Moleküle zu untersuchen. Zur Bestimmung der Morphologie, Dichte und
Größenverteilung inselförmiger ultradünner Schichten wurde die Atomkraftmikroskopie
(AFM) eingesetzt. Beide Arten der untersuchten Moleküle (6P, 5A) bilden auf
amorphisierten Glimmeroberflächen inselförmige Schichten die aus stehenden Molekülen
bestehen. Dies ist typisch für organisches Schichtwachstum auf schwach reaktiven
Oberflächen, wie zum Beispiel auch auf amorphem Silizium Dioxid, welches häufig
eingesetzt wird, sowohl für das Studium fundamentaler Prozesse des Schichtwachstums
wie auch für Anwendungen in der organischen Elektronik.
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Initiatory Statement Regarding the Structure of this Thesis
The following work is a so-called cumulative Ph.D. thesis. As such, it is based on peerreviewed scientific articles to which the author of the thesis has extensively contributed
during the scientific work associated with the Ph.D. study. According to the structure
suggested for such a thesis by the “Doctoral School of Physics” at Graz University of
Technology, the associated articles are enclosed in the main part of the thesis in their
original and published form. Moreover, an introduction is put into the main part in the
context of previous work, and a summary is given in the light of the main findings of this
thesis.
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1. Introduction
Organic thin films have recently attracted considerable interest due to their potential
applicability for flexible organic electronics. In addition, the morphology of the organic
films plays a crucial role for their electrical and electro-optical properties. Frequently used
organic molecules, like oligo-acenes or oligo-phenylenes, are of rod-like shape; such
molecules can be arranged in thin films either predominantly parallel or normal to the
substrate surface. For the application as active layers in organic field effect transistors the
films should be composed of standing molecules, because the charge carrier transport will
mainly occur along the direction of the - bonds. On the other hand, the fluorescence
emission of rod-like organic molecules will be most intense normal to the long molecule
axis, requiring molecule orientation parallel to the substrate for organic light emitting
diodes. It has been shown that the preferred orientation of rod-like organic molecules can
be significantly influenced by a change of the chemical and/or geometrical composition of
the substrate. Typically, on contaminated and/or rough surfaces islands composed of
standing molecules will be dominant, whereas on clean, reactive surfaces the molecules
will be forced to lie parallel to the surface.
In particular, the understanding of the initial steps of film formation, nucleation,
adsorption, diffusion and desorption is of utmost importance for a proper tailoring of
organic films. The question arises whether large, anisotropic organic molecules behave in
the nucleation process similarly as point-like atoms. Although this has been frequently
assumed to describe organic film growth, some recent experimental results required a
rethinking on this issue. In this contribution we present new results on the nucleation of
rod-like molecules (pentacene (5A) and para-hexaphenyl (6P)) on amorphous mica and
draw some general conclusions on this subject.
The experiments were done under ultra-high vacuum conditions. The following
experimental techniques were used: Auger electron spectroscopy (AES), quartz
microbalance, thermal desorption spectroscopy (TDS) and ex-situ atomic force microscopy
(AFM).
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2. Theoretical Background
2.1. Growth behaviour
2.1.1 Growth modes
One can differentiate between three possible modes of crystal growth on surfaces as
illustrated in fig 2.1 for three different coverages Θ, indicated in monolayer (ML) [1].
Frank van der Merwe Growth
In fig 2.1(a) the ‘layer’ or ‘Frank van der Merwe’ growth mode is shown. In this
connection the atoms or molecules of the deposit are more strongly bound to the substrate,
than to each other. First, a wetting layer (complete monolayer) is formed on the surface,
the following layers are less tightly bound (monotonic decrease), toward the value for a
bulk crystal of the deposit. This growth mode occurs in the case of adsorbed gases on
graphite and several metals, in some metal-metal and semi-conductor systems.
Stranski- Krastanov Growth
In the ‘layer plus islands’ or ‘Stranski-Krastanov’ growth mode (b), a wetting layer is
formed on the substrate. With increasing coverage, islands are formed on top of this layer.
This growth mode occurs in metal-metal, semiconductor-metal systems, including 6P and
5A on unsputtered mica.
Volmer-Weber Growth
In the ‘island’ or ‘Volmer-Weber’ growth mode (c), islands are formed directly on the
substrate surface. The atoms or molecules of the deposit are more strongly bound to each
other than to the substrate. The growth mode occurs in many systems of metals on
insulators and also for 6P and 5A on sputtered mica.
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Figure 2.1: Sketch of the three crystal growth modes. (a ) ‘Frank van der Merwe’ or
‘layer’ growth, (b) ‘Stranski-Krastanov’ or ‘layer plus islands’ growth, (c) ‘VolmerWeber ’ or ‘island’ growth, Θ ; coverage/ ML [1]

2.1.2 Critical cluster size for nucleation
On the substrate, impinging molecules are diffusing on the surface as long as they do not
encounter some other molecules. Not till then, the molecules start to form stable nuclei.
One less than the number of molecules which are necessary to form a stable nucleus, is
called the critical cluster size for nucleation. Note that for 6P and 5A the particles are not
point like. The nucleation can be described by the diffusion mediated growth, which
involves four different steps [2]:
• First step

Initially, monomers diffuse on an almost bare substrate, and when a critical number
of them meet, a stable nucleus is formed.
• Second step

In a second (intermediate) step, adsorbents still nucleate new islands but also start
aggregating into existing ones.
• Third step

Then, in the aggregation regime, the incoming material only aggregates into existing
islands.
• Fourth step

Finally, islands are growing together (coalescence).
The island density increases until the 3rd step is reached, in this so called aggregation
regime (saturated island density) 3 different methods are used to determine the critical
nucleation size in our publications. These methods are different growth rates, scaling
theory and Voronoi analysis.
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Different growth rates
The island density 𝑛𝑥 (𝑛0 is the available adsorption sites) can be changed experimentally
by variation of the deposition rate R and substrate temperature T in the following form
[1]:
𝑛𝑥
𝑛0

= (𝛩, 𝑖) (

𝛼

4𝑅

0 𝑁0

𝑖𝐸𝑑𝑖𝑓𝑓 +𝐸𝑖

) 𝑒𝑥𝑝 (

(𝑖+2)𝑘𝑇

)

(2. 1)

This equation is valid in case of complete condensation, i.e. when desorption of the
monomers can be ignored. 𝜂 is a weak function of Θ (≈ 0.1 − 1). 𝜈0 is the hopping
frequency for diffusion, 𝐸𝑑𝑖𝑓𝑓 the diffusion energy of adatoms and 𝐸𝑖 the binding energy of
the critical cluster. In the exponent α = i / (i + 2), i means the critical cluster size for
nucleation. To determine the critical cluster size, one has to plot 𝑙𝑛(𝑛𝑥 ) vs. 𝑟, the slope B
of a linear fit is therefore:

𝐵= 𝛼=

𝑖

(2.2)

𝑖+2

As a result one gets for the critical nucleation size:

𝑖=

2

(2.3)

1
−1
𝐵

A drawback of this method is that one must produce a couple of samples for only one
result at a fixed temperature.
Scaling theory
Another way to obtain the critical cluster size is given by the so called scaling theory,
where the distribution of the island areas is used [2], [3], [4], [5]. The distribution of
islands of size a per unit area (denoted as 𝑁𝑎 in 𝜇𝑚 −4 ) can be measured by AFM and can
be plotted for different coverages Θ. Each graph has a well-defined maximum at 𝐴 (mean
value of 𝑎), which increases with increasing coverage and the distribution broadens. After
rescaling acc. to:

𝑁𝑎 (Θ) = Θ𝐴(𝜃)−2 𝑓(𝑢)

(2.4)

the different distributions collaps into only one empirical scaling function 𝑓(𝑢). An
analytical expression for the scaled island size distribution is given in the following term:

𝑓(𝑢) = 𝐶𝑖 𝑢𝑖 exp(−𝑏𝑖 𝑖𝑢
4

1⁄
𝑏𝑖 )

(2.5)

with 𝑢 = 𝑎/𝐴. The numerical values of the parameters are fixed by the implicit hypergeometrical equations:
Γ[(𝑖+2)𝑏𝑖]
Γ[(𝑖+1)𝑏𝑖]

= (𝑖𝑏𝑖 )𝑏𝑖

(2.6)

and

𝐶𝑖 =

(𝑖𝑏𝑖)(𝑖+1)𝑏𝑖
𝑏𝑖Γ[(𝑖+1)𝑏𝑖]

(2.7)

An illustration of the scaling function (equ.2.5) is given in fig.2.2 where one can compare
the different critical nucleation sizes from 𝑖 = 1 to 6. The best fit of the measured size
distribution to equ.2.5 for different 𝑖 gives the critical island size.

Figure 2.2: Scaling function with different critical nucleation sizes from i = 1 to 6 acc. to
f (u) = Ci ui exp( −bi i u1/bi ), u = a/A (a: island size, A: mean value of a).
Voronoi analysis

Another evaluation method is based on the so called Voronoi tesselation, where the critical
island size can be derived from the islands capture zone distribution [6]. These zones can
roughly be described by Voronoi polygons as illustrated in fig.2.3.
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Figure 2.3: Voronoi tesselation. The boundaries of a Voronoi polygon of an island (black
circles) are in the half distance between the nearest neighbour islands [6].

The size distribution P of the capture zones can be described by the generalized Wigner
surmise:

Pβ (s) = aβ sβ exp(−bβ s2)

(2.8)

with s = v/V (v: Voronoi polygon size, V : mean value of v) and the parameter

𝛽 =𝑖 +2

(2.9)

The two constants 𝑎𝛽 and 𝑏𝛽 are given by:

𝑎𝛽 = 2Γ (

𝛽+2 𝛽+1

)

2

⁄ Γ(

𝛽+1 𝛽+2
2

𝛽+2

𝛽+1

2

2

𝑏𝛽 = [Γ (

)⁄ Γ (

)

)]

(2.10)

2

(2.11)

As like as in the scaling theory, the best fit of the measured size distribution with equ.2.8
for different i gives the critical island size.

6

2.2. Analytical methods
2.2.1. Auger electron spectroscopy (AES)
Auger electron spectroscopy (AES) is a common analytical technique to measure the
chemical composition of a surface. Underlying the spectroscopic technique is the Auger
effect, where an impinging electron (2-10 keV) from an electron gun ionizes an atom in the
material, which is to be examined. The so created hole in one of the inner shells (core hole)
is filled either by an electron from an energetically higher level, where the energy is
released by emitting a characteristic X-ray photon, or an outer electron, where the energy is
transmitted in a radiationless process (Auger effect) to another electron.
This so-called Auger electron leaves the atom with a characteristic kinetic energy and can
be classified by the involved energy levels. For instance, a KL1 L2 Auger electron means
that the atom is primarily ionized in the K shell, this hole is filled by an electron of the L1
shell and the emitted electron comes from the L2 shell. Therefore, three electrons are
involved in the Auger process; hence H and He do not produce Auger electrons. The
kinetic energy of course depends on the involved energy levels and can be approximated as
follows:

𝐸𝐾𝐿1𝐿2 = 𝐸𝐾 − 𝐸𝐿1 − 𝐸𝐿2 − Φ − ∆𝐸𝑟

(2.12)

Φ is the necessary energy to bring an electron to the vacuum level from the Fermi level
(work function). Furthermore, one must take into account that the energy levels of the
ionized atom shift in comparison to the neutral atom, expressed with the relaxation energy
Er .The Auger spectra for all elements are recorded in a so-called Auger atlas [7]. Further
information can be found in the corresponding literature [8].

2.2.2. X-ray photoelectron spectroscopy (XPS)

One of the most frequently used methods to probe the chemical composition of a sample
surface is XPS, often also denoted as electron spectroscopy for chemical analysis (ESCA).
This method involves irradiation of a solid in the vacuum with monoenergetic soft X-rays
and sorting the emitted photoelectrons by their kinetic energy.

𝐸𝑘𝑖𝑛 = ℎ𝜐 − 𝐸𝐵𝑖𝑛𝑑 − 𝜓𝑠

(2.13)

𝜓𝑠 is the work function of the spectrometer. The kinetic energy 𝐸𝑘𝑖𝑛 of photoelectrons
emitted upon irradiation of the sample with photons with a known energy of ℎ𝜐 depends
on the binding energy of the involved photoelectron state 𝐸𝐵𝑖𝑛𝑑 and is therefore
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characteristic for each element and thus allows to identify the components of the sample
surface. The fundamental process of generating photoelectrons is illustrated in Fig. 2.4.
The spectrum obtained is a plot of the number of emitted electrons as a function of their
kinetic energy.
Further details on this technique can be found in the literature [9-11].

Fig. 2.4: Schematic view of the X-ray induced photoelectron (left) and the electron beam
induced Auger electron (right) emission [12].
For the realization of the XPS experiments, a combined XPS/AES system by Leybold Inc.
containing a concentric hemispherical analyser (CHA) was used. The X-ray source could
be switched between Mg Kα (1253.6 eV) and Al Kα (1486.6 eV) radiation. Standard
operating parameters were a source voltage of 10.5 kV and an emission current of 30 mA.

2.2.3. Atomic force microscopy (AFM)
The atomic force microscope is part of the family of scanning probe microscopes [10].
The first scanning probe microscope, the scanning tunnelling microscope (STM, 1981)
restricted to electrically conducting surfaces [10]. With the AFM it became possible to get
a three dimensional picture of surfaces also of insulating materials. Unfortunately very
rough samples cannot be investigated.
The surface is scanned by a small sharp tip, which is mounted on a cantilever. The distance
between the tip and the sample surface is so small that atomic-range forces act between
them. This force can be determined by detecting the deflection of the cantilever by several
methods:






Optical interferometry
An STM measures the cantilever deflection
Laser beam with a position sensitive photo detector
Capacitance change between cantilever and an additional electrode
Electrically by a cantilever fabricated from piezo resistive material

The cantilever is typically 150-250 μm long, normal tips are 7 -15 μm high and have an
end radius of 5-10 nm (fig. 2.5). The tip is moved over the sample (or the sample under
the tip) by a piezoelectric scanner. The image size is therefore small compared to
SEM (max. 100x100 μm).
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Figure 2.5: Cantilever in Atomic Force Microscope [13].

The AFM can be used in different modes. The distance from tip to sample used for AFM
imaging defines the mode of operation (fig.2.5):
 Contact mode
 Non-contact mode
 Intermittent-contact mode

AFM contact mode
The tip to sample distance is only a few Angstrom (soft contact). The tip is affected by a
repulsive force as shown in fig.2.6 (Lennard-Jones potential). For this mode one uses a
cantilever with a low spring constant to avoid damaging of the probed surface. The tipsample interaction causes the cantilever to bend following the change in surface
topography.
Concerning the use of a feedback control one can distinguish between the constant height
mode and the constant-force mode. To create an image in the constant-height mode, the
scanner height is fixed and the cantilever deflection is monitored (fast scan speed). In
constant-force mode, the cantilever deflection is fixed and the scanner height is monitored
(limited scan speed).

AFM non-contact mode
The tip to sample distance is 1 − 10 nm (little or no contact). The tip is affected by a weak
attractive force. For this mode, stiffer cantilevers are necessary. The cantilever is in
vibration near its resonant frequency (100−400 kHz), with a typical amplitude of a few tens
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of Å. The cantilever resonance frequency is changed according the interaction with the
surface. The non-contact mode is advantageous for studying soft or elastic samples.
AFM intermittent-contact mode
The tip is closer to the sample and vibrates with greater amplitude than that in the noncontact mode. This mode is also called ‘tapping-mode’, because the cantilever tip barely
touches (taps) the surface. This mode is advantageous for surfaces with high topographical
corrugation. In our AFM researches this tapping mode was used.

Figure 2.6: Force on the AFM tip versus distance from the sample surface
(Lennard-Jones potential). In contact mode the distance of the tip from the
sample is only a few Å (repulsive force). In non-contact mode the distance is 1 −10
nm (weak attractive force).

2.1.4. Thermal desorption spectroscopy (TDS)
To obtain thermal desorption spectra, a sample with previously adsorbed particles is heated
with a temperature program in UHV. In the temperature program the heating rate β, the
start and end temperature can be chosen. The desorbing particles can be detected by a mass
spectrometer. This partial pressure versus temperature or time provides information for the
determination of kinetic and thermodynamic parameters of desorption processes, such as:
• Desorption order from the peak shape
• Desorption energy from the peak temperature
• Number of desorption states from the number of desorption peaks
• Coverage from the peak area

A general relation between desorption rate r and temperature T is given by the PolanyiWigner equation [10].
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𝑟=−

𝑑Θ
𝑑𝑡

= 𝜈𝑛 Θ𝑛 𝑒𝑥𝑝(−

𝐸𝐷𝑒𝑠
𝑘·𝑇

)

(2.14)

Here, νn is the frequency factor, n the desorption order, Θ the coverage, EDes the desorption
energy and k the Boltzmann constant.

Coverage
The coverage is defined as

Θ=

𝑁𝑎𝑑
𝑚𝑎𝑥
𝑁𝑎𝑑

(2.15)

Nad is the number of adsorbed particles and Nadmax the maximum number of adsorbable
particles.
Frequency factor
νn is the frequency factor, one can interpret ν1 as frequency of attempts of the adsorbed
particle to desorb. For atoms and small molecules, the frequency factor can be correlated
with the attempt frequency for desorption, which is in the order of 10 13 s-1. However,
according to transition state theory, the pre-exponential factor contains the ratio of the
partition functions of the molecules in the gaseous phase and the adsorbed phase. Due to
the many rotational and vibrational degrees of freedom in the gas phase, the preexponential factor for large organic molecules is by orders of magnitudes larger than
1013 s–1.
Desorption order
i. Desorption of zero order (n = 0)
In this case the desorption rate is independent of the coverage. The zero order desorption
occurs in the multilayer regime and has the following characteristics:
• Exponential increase of r vs. temperature
• Steep decrease of r, if the adsorbate is no longer available
• The maximum of desorption shifts to higher temperature with increasing coverage

ii. Desorption of first order (n = 1)
The first order desorption occurs if single particles desorb directly and has the following
characteristics:
• Asymmetric spectrum with steeper decrease at higher temperature
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• The temperature of the desorption rate maximum is independent of coverage
• The temperature of the desorption rate maximum is dependent of the heating rate

iii. Desorption of second order (n = 2)
The second order desorption occurs if two atoms recombine during desorption and has the
following characteristics:
• Symmetric peaks
• Peak maximum shifts with increasing initial coverage to lower temperatures

Determination of the desorption energy for zero order desorption
One can obtain the desorption energy from a simple analysis [14]. A plot ln(r) vs. 1/T of
the TD spectra gives with the logarithmic Polanyi-Wigner equation 2.14 for zero order
desorption (n = 0):

𝑙𝑛(𝑟) = 𝑙𝑛(𝜈0 ) + 𝑙𝑛(Θ𝑚𝑎𝑥 ) −

𝐸𝐷𝑒𝑠
𝑘

·

1
𝑇

(2.16)

the desorption energy from the slope of this plot. The frequency factor ν0 can be
determined from the intercept.

Determination of the desorption energy for first order desorption
A simple method to approximate the desorption energy EDes for 𝑛 = 1 is given by the
Redhead equation [10]:
𝜈1 𝑇𝑚

𝐸𝐷𝑒𝑠 = 𝑘 · 𝑇𝑚 · [ 𝑙𝑛(

𝛽

𝐸𝐷𝑒𝑠

) − 𝑙𝑛(

𝑘𝑇𝑚

)]

(2.17)

3. Experimental Setup
Most of the experimental results shown in this work were produced in our laboratory.
While AFM was performed ex-situ under ambient atmospheric conditions, thermal
desorption spectroscopy (TDS), X-ray photoelectron spectroscopy (XPS) and Auger
electron spectroscopy (AES) had to be accomplished under ultra-high vacuum (UHV)
conditions. All these UHV experiments were conducted in our laboratory.
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3.1 The UHV chamber
A schematic view as well as a more detailed description of the chamber and the sample
holder can be found in ref [15]. The base pressure in the UHV chamber ~ 10 -10 mbar could
be reached after bake-out. The UHV was generated and maintained by rotary pumps and
turbo pumps and monitored via a Ionivac IM 520 ionisation gauge.
The sample was placed on a turn able sample holder which was located in the center of the
chamber. The sample holder could be cooled down to about 100 K via a liquid nitrogen
cooling finger attached to the sample holder. The above mentioned surface probing devices
and a sputter gun for specimen cleaning were arranged within a measuring plane and could
be addressed by rotating the sample holder.

3.2 Atomic force microscopy
After the removal of the ready samples from the vacuum chamber the surface was
investigated by atomic force microscopy at five different positions. A tutorial of the used
AFM (Figure 3.1) is given in [15], detailed information can be found in the manuals of the
manufacturer [16] and [17]. The treatment and evaluation of the AFM pictures were done
by Gwyddion (chap.A.4) [18]

Figure 3.1 AFM
The ex-situ AFM Nanosurf easyScan2 was used in the dynamic force mode with a NCLR
cantilever. For a better measurement the AFM is placed on an anti-vibration system (active
vibration isolation system TS 150, fig.3.2).
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Figure 3.2 Vibration isolation system TS 150.
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a b s t r a c t
The nucleation and growth of organic molecules is usually discussed in the framework of diffusion limited
aggregation (DLA). In this letter we demonstrate for the rod-like organic molecules hexaphenyl (6P) on
sputter-modiﬁed mica, that under speciﬁc experimental conditions the nucleation has to be described by
attachment limited aggregation (ALA). The crucial parameter for the growth mode is the roughness of the
substrate surface, as induced by ion sputtering. With decreasing surface roughness the diffusion probability
of the molecules increases and the growth mode changes from DLA to ALA. This was derived from the
deposition rate dependence of the island density. A critical size of i = 7 molecules was determined for the
nucleation of 6P on a moderately sputtered mica surface.
© 2012 Elsevier B.V. All rights reserved.

1. Introduction
The understanding and tailoring of organic thin ﬁlm growth is a
challenging issue in the context of modern organic electronics. Whereas
the nucleation and growth of (metal) atoms is well understood [1–3],
there is still lack of a comprehensive description for the nucleation and
growth of larger (anisotropic) organic molecules. Although experimental evidence exists that in many cases organic ﬁlm growth can be
described sufﬁciently well with the models developed for single atom
nucleation [4–7], there are also indications that substantial differences
exist [8,9]. It is obvious, that the speciﬁc features of organic molecules
(weak molecule–molecule and molecule-substrate interactions, low
diffusion energies, diffusion anisotropy, many degrees of freedom, etc.)
can lead to a larger variety of growth mechanisms than for point like
particles.
In this letter we describe the nucleation and sub-monolayer
formation of para-hexaphenyl (6P) on sputter-modiﬁed Muscovite
mica(001) surfaces as a model system for the interaction of rod-like
organic molecules with weakly interacting substrates. The merit of mica
as a model substrate is the easy preparation of a rather clean, atomically
ﬂat single crystalline surface by just cleaving a mica sheet. It has been
shown previously that on a freshly cleaved mica surface 6P forms
needle like islands which are composed of ﬂat lying molecules [10,11].
However, a modiﬁcation of the mica surface by argon ion sputtering
changes the ﬁlm formation drastically: dendritic islands form which are

⁎ Corresponding author: Tel.: + 43 316 873 8463; fax: + 43 316 873 8466.
E-mail addresses: ltumbek@tugraz.at (L. Tumbek), a.winkler@tugraz.at
(A. Winkler).
0039-6028/$ – see front matter © 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.susc.2012.03.018

composed of standing molecules [12]. Molecular dynamics calculations
revealed that also in this case ﬁrst clusters of lying molecules develop,
which then reorient into the upright position at a cluster size of about
10–15 molecules [9]. From the island density as a function of the
deposition rate, as well as from island size distributions (ISD) and
capture zone distributions (CZD), a critical island size of 2–3 molecules
was obtained for deposition at room temperature [9], by applying the
nucleation model of diffusion limited aggregation (DLA) [3]. However,
the temperature dependence of the island density exhibited some
unusual features and it was argued that the anisotropic diffusion
probability and/or orientation dependent attachment probability of the
monomers at the rim of the islands might be responsible for these
features. Here we demonstrate that in addition to the diffusion
limitation the attachment limitation governs the nucleation and growth
of 6P on mica(001), depending on the surface preparation by ion
sputtering. We believe that the ﬁndings on this model system are
relevant for many similar, more application related organic ﬁlm/
substrate systems, e.g. pentacene on silicon oxide [4,5,13,14], where
typically the dielectric substrates are plasma treated prior to deposition
of the organic semiconductor [15].
2. Experimental
The mica(001) samples (10 × 10 × ~ 0.01 mm 3) were prepared by
cleaving them with adhesive tape in air and then attaching them to a
steel plate sample holder, which was immediately installed inside a
UHV chamber. The sample holder could be heated resistively and
cooled by LN2 to obtain sample temperatures between 150 K and
800 K. Surface characterization was performed by low energy
electron diffraction (LEED), X-ray photoelectron spectroscopy (XPS),
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Auger electron spectroscopy (AES) and thermal desorption spectroscopy (TDS), with respect to surface crystallography, surface chemical
composition and thermal stability, respectively. The 6P ﬁlms were
deposited by physical vapor deposition (PVD) from a Knudsen cell. A
quartz microbalance was used to determine the 6P ﬁlm thickness
quantitatively. For the modiﬁcation of the mica surface to obtain
exclusively layers with standing 6P molecules, the surface was
sputtered with 500 eV Ar + ions, using an argon partial pressure of
5 × 10 − 5 mbar. 1 After the in-situ preparation and characterization of
the 6P ﬁlms on mica, the samples were investigated ex-situ by atomic
force microscopy (AFM), by applying the tapping mode (Nanosurf,
EasyScan2). More details regarding the sample holder, sample preparation and characterization of the samples with surface analytical
techniques have been described elsewhere [9,12].
3. Results and discussion
In Fig. 1 three AFM images of sub-monolayer 6P ﬁlms are shown,
where about 0.1 monolayer (ML) were adsorbed on differently sputtermodiﬁed mica(001) surfaces, with a deposition rate of 0.1 ML/min at
room temperature. Sputtering was performed with the above mentioned parameters, with sputter times of 3 min (a), 10 min (b) and
60 min (c), respectively. We could show that a sputter time of 3 min
was sufﬁcient to change the 6P layer growth from needle like islands,
consisting of ﬂat lying molecules, to dendritic islands composed of
standing molecules. Also, a LEED analysis showed that after 3 min
sputtering the distinct LEED spots of the freshly cleaved mica have
already disappeared. However, from XPS and AES we observed that the
chemical composition of the surface (silicon, aluminum, oxygen,
potassium) was not signiﬁcantly changed. Only small amounts of
initially adsorbed carbon were removed. But even for extended
sputtering the chemical composition of the near surface region
remained the same, in particular the potassium signal did not change.
Thus, one has to assume that in this case a change of the surface
geometric structure is responsible for the changed 6P layer growth,
rather than a change of the chemical composition.
The aggregation mode and the critical island size can be
experimentally determined by the measurement of the island density
Nx as a function of the deposition rate R. In Fig. 2 we present selected
AFM images as obtained for different deposition rates at 200 K, to
demonstrate the morphological development of the sub-monolayer
6P ﬁlms. Similar series of AFM images were obtained for 6P ﬁlms
prepared at 150 K, 300 K and 400 K substrate temperature, respectively, over a wide range of deposition rates. The ﬁnal coverage was
held in the range between 0.1 and 0.3 ML, to stay in the aggregation
regime. Below this coverage the ﬁlm growth would be in the
nucleation regime where the island density still increases with
coverage; above about 0.5 ML the island density starts to decrease
due to coalescence. In all cases the mica(001) surface was modiﬁed
prior to 6P deposition by 10 min Ar + sputtering.
The most frequently applied model to describe nucleation is that
for diffusion limited aggregation [16]. According to Venables et al. [3]
the island density Nx in the aggregation regime can be described as a
function of the deposition rate R by a power law [3]:



i
Nx
4R iþ2
iEd þ Ei
:
¼ ηðΘ; iÞ
exp
ν0 N 0
N0
ði þ 2ÞkT

Fig. 1. AFM images (8 μm × 8 μm) of 6P grown on sputter-modiﬁed mica(001) surfaces
at T = 300 K, with various sputter time: (a) 3 min (b) 10 min (c) 60 min, sputter
voltage: 500 V, Ar pressure: 5 × 10− 5 mbar; 6P deposition rate: 0.1 ML/min, coverage:
0.1 ML.

ð1Þ

Here N0 is the number of adsorption sites per unit area (4.4 × 10 14
6P molecules cm - 2 in the (001) plane), η is a weak function of the

1
In this work a different sputter gun was used than in Ref. 9. In that work the sputter
gas was introduced through the sputter gun, whereas in this work the gas was
introduced via a separate leak valve. Therefore, in this work the effective ion ﬂux is
smaller for comparable equilibrium Ar pressure and sputter time.

Fig. 2. AFM images (8 μm x 8 μm) of 6P grown on sputter modiﬁed mica(001) at
200 K with different deposition rates: (a) 0.14 ML at 0.037 ML/min (b) 0.13 ML at
0.097 ML/min, (c) 0.18 ML at 0.30 ML/min, (d) 0.26 ML at 0.80 ML/min.
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Fig. 3. Deposition rate dependence of the island density in the aggregation regime for
6P on sputter modiﬁed mica (001) at different temperatures. The lines are drawn to
guide the eye for the two different regimes. The slopes α are 0.7 and 1.4 in the low and
high deposition rate regime, respectively.

coverage Θ and the critical island size i, with η is ~ 0.2–0.3 [3], ν0 the
attempt frequency for surface diffusion, Ed the activation energy for
monomer diffusion, Ei the binding energy of the critical cluster, and k
the Boltzmann constant. In this model it is assumed that condensation is complete, i.e. no desorption of the monomers is allowed, and
the attachment probability at the island edge is unity. According to
Eq. (1) the critical island size can be determined from the deposition
rate dependence of the island density. The value α = i/(i + 2) can only
vary between 1/3 (for i = 1) and 1 (for large i). In Fig. 3 ln(Nx) versus
ln(R) is compiled for four different series of deposition, performed at
substrate temperatures of 150 K, 200 K, 300 K, and 400 K, respectively. One can see that two regimes with different slopes α exist, but
within the regimes the slopes are nearly the same for all substrate
temperatures. The surprising result is, however, that the average
values of α ≈ 1.4 ± 0.1 for higher deposition rates and α ≈ 0.7 ± 0.1
for lower deposition rates. Apparently, the experimental data
compiled in Fig. 3 for the high deposition rate regime cannot be
explained by diffusion limited aggregation, where the slope α should
be smaller than unity.
Kandel [17] and more recently Venables and Brune [18] have
considered a scenario where the incorporation of the approaching
monomers at the island edge is hindered. Such island edge barriers can
exist in surfactant mediated growth, where the island edge atoms have
ﬁrst to be removed in order to attach further approaching atoms [19]. A
physically different, but phenomenologically equivalent scenario can
be visualized for the incorporation of the approaching ﬂat lying 6P
molecules at the edge of the islands, which are either composed of
lying molecules for cluster size smaller than about 15 molecules or of
standing molecules in larger islands [7]. Here the attachment probability will depend on the relative orientation between the approaching
(lying) molecules and the molecule arrangement at the rim of the
island, leading to an effective barrier for attachment. The overall capture
number σ of an island depends on both, the diffusion barrier and the
attachment barrier. Venables and Brune [18] have shown that the
capture numbers add inversely (1/σ = 1/σD + 1/σB). If the attachment
barrier capture number σB is negligible compared to the diffusion
barrier capture number σD, the nucleation and growth are diffusion
limited and Eq. (1) describes the nucleation process. For the reverse
situation, σB >> σD, however, the following relationship was derived by
Kandel [17]:



 2i
Nx
4R iþ3
2½iðEd þ Eb Þ þ Ei 

:
¼ η ðΘ; iÞ
exp
ν0 N0
ði þ 3ÞkT
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Here, Eb is the attachment barrier and η⁎ again a weak function
of the coverage Θ and the critical island size i [18]. One can see
that for such a scenario the slope α = 2i/(i + 3) can vary between 0.5
(for i = 1) and 2 (for large i). For the above mentioned slope of
α = 1.4 ± 0.1 we derive a critical island size of 7 ± 2 for 6P nucleation
on moderately sputtered mica. For very low deposition rates the
relative importance of the diffusion limitation increases. We assume
that this is the reason for the decreased slope in Fig. 3. The evaluation
of this regime according to Eq. (1) would yield a critical island size of
5 ± 2. However, one has to be cautious in the interpretation of the
data points at very low deposition rate, because partial desorption
and/or preferred nucleation at some surface inhomogeneity (heteronucleation) might also play a role in this case. Of course, it would be
desirable to identify the critical island size directly by high-resolution
AFM. However, since nucleation is a dynamic process it would be very
difﬁcult to unambiguously determine the critical island size by this
method during deposition.
From the comprehensive data set in Fig. 3 one can also extract the
island density as a function of temperature at constant deposition
rate. The slope of the straight line in the plot lnNx vs 1/T yields the
energy term Ê = 2[i(Ed + Eb) + Ei]/(i + 3)k. The evaluation for deposition rates between 0.1 and 1 ML/min yields Ê ≈ 0.2 eV. Unfortunately,
from this evaluation the contribution of the individual energy terms
cannot be identiﬁed.
4. Conclusions
In conclusion, we have shown that the nucleation of rod-like
organic molecules (6P) on a moderately sputtered mica(001) surface is
attachment limited. The reason for this behavior is most likely that the
attachment probability of the elongated 6P molecules depends on the
relative orientation between the approaching (lying) molecules and the
molecules at the rim of the islands (either lying in small clusters or
standing in larger islands). There exist many unfavorable conﬁgurations
for molecule incorporation, leading to an effective attachment barrier
and hence to an integral attachment probability smaller than unity. A
critical size of i = 7 ± 2 molecules was determined from the deposition
rate dependent island densities, using Kandel's formalism for attachment limited nucleation. Furthermore, we have shown that the surface
roughness, and hence the diffusion probability on the surface, plays a
crucial role for the nucleation and aggregation mode. With increasing
surface roughness and/or by decreasing the deposition rate, the
nucleation process can change from attachment limited to diffusion
limited. The scenario of attachment limitation has not been considered
so far in organic ﬁlm growth, but it may play an important role for many
practical cases in organic electronics, e.g. for pentacene ﬁlm formation
on silicon oxide.
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Ultrathin ﬁlms of para-hexaphenyl (6P ) were prepared on freshly cleaved and sputter-amorphized mica(001)
by physical vapor deposition. Ex situ atomic force microscopy (AFM) revealed a bimodal island size distribution
for the ﬁlms on both surfaces. On freshly cleaved mica long needlelike islands exist, which are surrounded by
small crystallites. On the sputter-amorphized substrates, large dendritic islands exist which are again surrounded
by small, compact islands. We could prove by thermal desorption spectroscopy that the small islands are the result
of adsorbate-induced subsequent nucleation, when the ﬁlms were exposed to air. In case of the freshly cleaved
mica, islands grow on a wetting layer in vacuum. This layer dewets and forms the small islands upon venting,
due to the adsorption of water. In the case of the amorphous mica substrate an equilibrium exists between the
islands and a two-dimensional gas phase in the sub-monolayer regime. Again, the latter phase nucleates after
venting. In a particular coverage range, islands due to nucleation during deposition and subsequent nucleation
coexist on the substrate, leading to the bimodal island size distribution. Kinetic Monte Carlo (KMC) simulations
were performed to model the nucleation process after venting on the sputter-modiﬁed mica substrate. The density
of the subsequently nucleated islands just depends on the initial coverage and the critical island size. A critical
cluster size of i = 7 molecules was determined for 6P on amorphized mica, by comparing the KMC results with
the AFM images in case of adsorbate-induced nucleation. Furthermore, the experimentally obtained island size
distributions could be well reproduced by KMC simulations.
DOI: 10.1103/PhysRevB.86.085402

PACS number(s): 68.55.A−, 81.15.Aa, 68.37.Ps, 68.43.Vx

I. INTRODUCTION

Understanding the fundamental processes in the formation of organic thin ﬁlms is of utmost importance for the
application in organic electronic devices. In particular, the
morphology of the organic ﬁlms plays a crucial role for their
electrical and electro-optical properties.1,2 Frequently used
organic molecules, like oligoacenes or oligophenylenes, are
of rodlike shape; such molecules can be arranged in thin
ﬁlms either predominantly parallel or normal to the substrate
surface. For the application as active layers in organic ﬁeld
effect transistors the ﬁlms should be composed of standing
molecules, because the charge carrier transport will mainly
occur along the direction of the π -π bonds.3 On the other
hand, the ﬂuorescence emission of rodlike organic molecules
will be most intense normal to the long molecular axis,
requiring molecule orientation parallel to the substrate for
organic light-emitting diodes.4 It has been shown that the
preferred orientation of rodlike organic molecules in the ﬁlm
can be signiﬁcantly inﬂuenced by a change of the chemical
and/or geometrical composition of the substrate. Typically,
on contaminated and/or rough surfaces ﬁlms composed of
upright-oriented molecules will be dominant, whereas on
clean, reactive surfaces the molecules in the ﬁlm will be
forced to lie parallel to the surface, even for thicker ﬁlms.5
In particular, the molecule orientation in the ﬁrst layer will
usually determine the molecule orientation in the whole
ﬁlm.6
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A frequently investigated model system for organic thin ﬁlm
growth is para-hexaphenyl (6P ) on mica(001). The advantage
of mica as a substrate is the easy production of very ﬂat and
clean single-crystal surfaces by simply cleaving a thin sheet
of mica and installing it immediately into the evaporation
chamber. The rodlike 6P molecules form extremely long
needles on a freshly cleaved mica surface, which are composed
of lying molecules. These needles could be used as optical
nanoﬁbers.7 On the other hand, it has been shown that sputter
amorphization of a mica surface, or the contamination of the
surface with a sub-monolayer of carbon, leads to a totally
different ﬁlm formation, where dendritic islands appear which
are composed of standing molecules.8
A special feature of very thin 6P ﬁlms on mica, in the case
of needle formation on the freshly cleaved mica,8–11 as well as
of dendritic island formation on sputter-amorphized mica,12 is
the frequent appearance of an extremely bimodal island size
distribution. A similar bimodal distribution was also observed
for 6P on titanium oxide.13 Between the large islands many
small islands (clusters) are distributed. Moreover, around the
large islands a zone exists which is denuded of small clusters.
It has been suggested that for the needle/cluster bimodal
distribution on the freshly cleaved mica the needle growth
is governed by the agglomeration of pre-existing clusters. An
elastic strain-induced process has been proposed as the driving
force.9 Clusters of the size of up to 140 000 molecules were
assumed to have sufﬁcient mobility to agglomerate into the
needlelike islands. This assumption was supported by the
observation that the needles were indeed not uniform, but
actually composed of individual clusters.9,14
In this work we reexamine the initial 6P growth of
needlelike islands on freshly cleaved mica and compare the
data with the bimodal island size distribution, as obtained
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on the sputter-modiﬁed mica surface, using ex situ atomic
force microscopy (AFM). In addition to that, we apply thermal
desorption spectroscopy (TDS), which allows us to identify a
possible wetting layer and its inﬂuence on the ﬁlm formation.
It turns out, that the small 6P islands (clusters) on both, the
freshly cleaved and the sputter-modiﬁed mica surface, are the
result of subsequent nucleation, when the 6P -covered mica
surface is exposed to air for ex situ AFM investigations. Thus,
the frequently observed bimodal island size distribution is the
combined result of nucleation and growth during deposition
and subsequent nucleation caused most probably by water
adsorption after venting the vacuum chamber, which we call
adsorbate-induced nucleation. For the modeling of the latter
type of nucleation process we have carried out kinetic Monte
Carlo (KMC) simulations.
II. EXPERIMENTAL DETAILS

Ultrathin ﬁlms of 6P were deposited on muscovite
mica(001) samples in an ultrahigh vacuum (UHV) chamber
by physical vapor deposition (PVD) from a glass Knudsen
cell. The mica(001) samples (10 × 10 × ∼0.01 mm3 ) were
prepared by cleaving a mica sheet with the help of adhesive
tape in air and immediately installed into the UHV chamber.
The base pressure of the vacuum chamber after bake-out was
1 × 10−10 mbar, but typically the experiments were performed
without baking the system, resulting in a working pressure of
about 2 × 10−8 mbar. We have experimentally veriﬁed that
the ﬁlm growth was, within experimental error, the same in
both vacuum regimes. The mica sheets were attached to a
steel plate via tantalum wires, which was heated resistively.
The temperature was controlled by a Ni-NiCr thermocouple
spot welded to the back of the steel plate. This allowed a
controlled heating of the steel plate and hence of the mica
sample for TDS, typically with heating rates of 1 K/s. With
additional LN2 cooling, the temperature of the steel plate
could be varied between 100 K and 1000 K. Unfortunately,
a considerable temperature difference existed between the
front mica surface and the heating plate, due to the low heat
conductivity of mica normal to the (001) plane.15 However, a
calibration of the temperature can be performed by comparing
the multilayer peak maximum of desorbing 6P from mica
with that from the tantalum wires, as described in more
detail elsewhere.8 For TDS a multiplexed quadrupole mass
spectrometer (QMS) (0–500 amu) was used. In addition to the
mass of the 6P molecules (m = 458.6 amu), typically the mass
m = 61 amu was measured, because this showed the largest
signal of the cracking pattern in the QMS. Furthermore, it was
veriﬁed that no cracking of the 6P molecules occurred at the
surface.
For the quantitative determination of the 6P ﬁlm thickness
a quartz microbalance was used which was positioned next to
the sample. The reliability of this device was checked in two
ways: (a) by comparing with corresponding AFM images of
sub-monolayer ﬁlms of standing molecules and (b) by TDS,
as outlined in more detail elsewhere.8 For the modiﬁcation
of the mica surface to obtain exclusively layers with standing
6P molecules, the surface was sputtered for about 10 min
by Ar+ ions with 500 eV at an argon partial pressure of
5 × 10−5 mbar. Auger electron spectroscopy (AES) and x-ray
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photoelectron spectroscopy (XPS) were applied to check the
chemical composition of the mica substrate. After the in situ
preparation and characterization of the 6P ﬁlms on mica, the
samples were investigated ex situ by AFM in the tapping mode
(Nanosurf, EasyScan2).
III. KINETIC MONTE CARLO SIMULATION

Kinetic Monte Carlo simulations are frequently applied to
study various aspects of epitaxial ﬁlm growth. In nearly all
known studies the particles, which are assumed to be pointlike,
can occupy speciﬁc lattice sites and move between these sites
with speciﬁc hopping rates. Although in our case the particles
are rodlike entities, we chose to apply the well-established
computational techniques of pointlike particles. We justify
our choice of pointlike entities for the KMC simulations as
follows: First, the elongated molecules are oriented upright in
the condensed islands and therefore occupy single adsorption
sites in the 6P (001) plane. Second, the distance between
the islands, which is on the order of micrometers, is much
larger than the size of the (anisotropic) molecules. Third, the
isotropic island distribution (on the sputter-modiﬁed substrate)
and the irregular dendritic shape of the islands show that the
diffusion behavior of the anisotropic, lying molecules can be
sufﬁciently well approximated by the diffusion of pointlike
particles. We are only aware of one KMC study where dimer
particles were allowed to occupy lattice sites in lying and
standing conﬁgurations.16 However, the consideration of all
possible conformations in the nucleation process of extended
oligomers and the (unknown) energy barriers involved would
make KMC simulations exceedingly time consuming and most
probably of little physical signiﬁcance.
Our simulations are based on the approach of Bales and
Chrzan,17 which we extended by considering also reversible
aggregation by including the critical island size i as a parameter
of the simulations, in the spirit of Li and Evans.18 The
simulations were performed on a square lattice, where each
lattice site can contain one molecule.19 Because we investigate
the system in the sub-monolayer regime, we do not regard
molecules hopping into a second layer. Monomers can diffuse
Q
), where Q is the energy barrier for
at a rate h1 = v exp(− kT
surface diffusion, ν is the hopping frequency, k the Boltzmann
constant, and T the substrate temperature. This rate also
applies for particles having neighbors in the nearest-neighbor
cells, as long as the size of the island does not exceed the
critical nucleus size i. As soon as an island reaches this size,
aggregation is irreversible, meaning that the particles cannot
detach anymore from the island, but may diffuse along the
edge. In the classical solid-on-solid model the edge hopping
rate is described by hn = v exp(− Q+nE
), where n is the
kT
number of in-plane nearest neighbors (n = 1–4) and E is
the nearest-neighbor binding energy. In our simulations we do
not consider the binding of the molecules to the substrate when
they diffuse along the island rim. This is justiﬁed because the
bonding of the standing molecules to the mica substrate via
one H atom is negligible, compared to the bonding between
the many C atoms between parallel arranged 6P molecules. It
is, of course, not known how exactly diffusion along the island
rim proceeds, but for the ﬁnal stability of the incorporated
molecules only the bonds between the molecules will be of
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relevance. Thus, we describe the hopping rate along the rim
of the islands by hn = v exp(− nE
). Furthermore, a ﬂux F
kT
of impinging particles can be applied which corresponds to
adsorption. We do not allow for desorption.
When referring to KMC, the so-called BKL algorithm
of Bortz, Kalos, and Lebowitz,20 originally proposed for
simulating the Ising spin system, is commonly applied. Their
way of keeping track of the possible event types that exist in a
system (the so-called n-fold way) can be applied in our simple
model. Namely, there are only a small number of different
classes of sites a particle can belong to, depending on the
number of neighbor particles. Each particle belonging to the
class j hops at a rate j . By choosing a random number, ﬁrst
an event class is selected and then one event of that class is
executed, meaning that the particle is moved. A time-saving
algorithm for updating the event list is essential. In short, this
is done by recalculating the events of the neighboring particles
only, using an inverse list that keeps track of where to ﬁnd the
events of a speciﬁc particle in the event lists.21 The time is
then incremented by a stochastic variable t = − ln(r)
,where
tot

r ∈ (0,1) is a random number, tot = j nj j is the total rate,
and nj is the number of events of class j .
Our partially reversible approach leads to the well-known
problem of stiffness (Ref. 22 and references therein), which
in our case refers to the separation of time scales between
monomer diffusion processes and edge hopping. Most of
the computational time is used for calculating the diffusion
processes of particles that may be far away from any nucleation
site. The monomer density in our case can be quite high, while
still only very few islands form. This is because the local
nucleation probability scales with dNisl /dt ∼ N1i+1 ,23 where
Nisl denotes the number of islands and N1 is the monomer
density.
Although our KMC formalism is constructed to simulate
nucleation processes during the impingement of monomers,
in this work we mainly apply the formalism to simulate
the adsorbate-induced subsequent nucleation process. In this
case we assume that initially a speciﬁc amount of immobile
monomers exists on the surface (in the sub-monolayer coverage range), which are randomly distributed. With the start
of the KMC simulation the monomers are allowed to become
mobile with a speciﬁc diffusion probability and the number of
monomers and islands is computed as a function of time and
critical island size, until all monomers are incorporated in the
islands. We could show that in this case the actual values of E
and Q just inﬂuence the shape of the formed islands and only
effect the simulation time. It turns out that only the critical
island size and the monomer density determine the ﬁnal island
density.
IV. RESULTS AND DISCUSSION

In Fig. 1 typical AFM images are shown for 6P ﬁlms
grown under appropriate growth conditions on freshly cleaved
mica(001) [Fig. 1(a)] and on sputter-modiﬁed mica [Fig. 1(b)].
Figures 1(c) and 1(d) show selected cross sections as indicated
in Figs. 1(a) and 1(b). In both cases a clear bimodal island size
distribution can be observed. However, this ﬁlm morphology
can only be seen in a special coverage range, when deposited at
a particular surface temperature. For the freshly cleaved mica

surface this phenomenon was investigated in detail by Kankate
et al.,10 but it was also observed by others.8,9,11 Generally, at
low coverage only small clusters exist; in a medium coverage
range clusters and needles coexist, whereas at higher coverage,
when the needle density is already quite high, the density
of the small clusters vanishes. With respect to the substrate
temperature, the needle length, width, and height increase with
temperature. Due to the overlapping of the denuded zones
with increasing number density of the long needles, the total
number density of the small clusters decreases with increasing
coverage.
While the needlelike island formation on the freshly
cleaved (anisotropic) mica surface could be rationalized
by a strain-induced agglomeration of the small crystallites,
where the wetting layer should play an important role,9 this
scenario cannot explain the quite similar bimodal island size
distribution on the sputter-modiﬁed mica surface [Fig. 1(b)].
In this case, no wetting layer exists and the irregular, dendritic
shape of the large and small islands demonstrates that the
sputtered mica surface is isotropic. This is also supported by
the lack of a regular LEED pattern in case of the sputtered
surface.8
A. 6 P on freshly cleaved mica

Before we focus on the 6P layer growth on the sputtermodiﬁed surface we present some illustrative experimental
results for the initial growth of 6P on the freshly cleaved mica.
As outlined previously,24 TDS is a powerful method to get
insight into the energetics of organic thin ﬁlms. In particular,
one can distinguish between molecules in a strongly bound
wetting layer and the more weakly bound molecules in the
three-dimensional (3D) islands. In Fig. 2(a) (curve a) a 6P
desorption spectrum from the freshly cleaved mica surface
is shown, obtained after deposition of an amount equivalent
to 10-Hz frequency change at the quartz microbalance. The
high-temperature peak at about 535 K can be attributed to the
wetting layer, whereas the large peak at 490 K corresponds to
desorption from the needlelike islands.8 At a lower deposited
amount, equivalent to a quartz frequency change of 2 Hz,
only the wetting layer is observed [Fig. 2(a), curve b]. We
have calibrated our experimental setup for 6P deposition with
AFM, where we could attribute a quartz frequency change
of 16 Hz to a saturated monolayer of standing molecules
on the sputter-modiﬁed mica surface. Assuming that the
molecule packing in this layer is close to that in the 6P (001)
crystal plane, 1 ML of standing molecules equals 4.4 × 1014
6P molecules/cm2 , equivalent to a mean height of 2.6 nm.
Correspondingly, the coverage of a densely packed layer of
ﬂat-lying molecules (wetting layer) corresponds to 5.8 × 1013
6P molecules/cm2 , or a mean height of 0.35 nm. This ﬁts
quite well to the 2 Hz needed to saturate the wetting layer
(0.32 nm mean thickness) [Fig. 2(a), curve b].
Interestingly, the ex situ AFM image of the 2-Hz ﬁlm did
not show a uniform, unstructured ﬁlm, as one would expect
for a wetting layer, but showed instead many small, slightly
elongated islands, with a mean diameter of about 50 nm and a
mean height of about 5 nm [Fig. 2(b)]. The size of these islands
is similar to that as frequently observed for the small clusters in
the bimodal ﬁlms obtained at higher total coverage.9–11 From
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FIG. 1. (Color online) (a) AFM image (4 × 4 μm) for 6P on a freshly cleaved mica(001) surface. Deposition temperature, 400 K; deposition
rate, 0.06 ML/min; deposited amount, 0.62 ML (standing monolayer equivalents). (b) AFM image (8 × 8 μm) for 6P on a sputtered mica(001)
surface. Deposition temperature, 400 K; deposition rate, 0.07 ML/min; deposited amount, 0.18 ML. (c) Cross section along the line as indicated
in (a), demonstrating different heights of the needles and clusters. (d) Cross section along the line as indicated in (b), demonstrating the same
heights for the large and small islands, consisting of one layer of standing molecules.

the height and height distribution we can reason that in this
case the islands are again composed of ﬂat-lying molecules.
The evaluation of Fig. 2(b) with respect to the total coverage
by integrating over all islands gives a mean height of 0.4 ±
0.1 nm, in good agreement with the expected saturated wetting

layer. (Actually, the somewhat too high value for the mean
height can be rationalized, because no tip deconvolution for
the AFM image was made). The answer to this puzzling result
was found, when after the AFM measurement the sample
was again installed into the vacuum chamber and a TDS was

FIG. 2. (Color online) (a) Thermal desorption spectra of 6P (mass 61 amu) on freshly cleaved mica(001), deposited at room temperature.
Curve a: deposited amount, 10 Hz (1.6 nm mean thickness); curve b: deposited amount, 2 Hz (0.32 nm mean thickness); curve c: deposited
amount, 2 Hz, but afterwards exposed to air and evacuated again before desorption. (b) AFM image (1 × 1 μm) of 6P on freshly cleaved mica.
Deposition temperature, 400 K; deposition rate, 0.05 nm/min; deposited amount, 2 Hz; equivalent to 0.32 nm mean thickness.
085402-4
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FIG. 3. Multiplexed thermal desorption spectra of water (m =
18 amu) after the deposition of 2-Hz equivalents of 6P on the freshly
cleaved mica, prior to venting the vacuum chamber (a) and after
venting and reevacuation (b).

performed after a proper vacuum was achieved [Fig. 2(a), curve
c]. The desorption spectrum is now signiﬁcantly changed in
comparison to curve b. There is nearly no material desorbing in
the temperature regime of the wetting layer, but a considerable
amount desorbs in a temperature range which is characteristic
for desorption from 3D islands. In addition, quite some 6P
desorbs already at low temperature between 350 K and 430 K.
However, the total amount of desorbing 6P molecules before
and after venting the vacuum system is nearly the same.
From this result we have to draw the conclusion that the
energetics, and hence the morphology of the wetting layer,
have changed dramatically upon venting the vacuum system.
The reason for this behavior is most probably the adsorption of
water. Indeed, multiplexed mass spectrometry clearly shows
increased water desorption in case of the reinstalled sample,
compared to that prior to venting, as shown in Fig. 3, but no
signiﬁcant desorption of oxygen was observed. Thus, we have
to assume that adsorbed water weakens the bonding between
the ﬂat-lying 6P molecules in the wetting layer and the mica
substrate, which increases the mobility of the molecules and
allows the nucleation of islands by dewetting. Consequently, at
higher coverage, where already needlelike islands have formed
above the wetting layer in vacuum, again after venting the
remaining molecules in the wetting layer will postnucleate and
thus lead to the bimodal island size distribution. The molecules
which exist in the vicinity of the needles will be predominantly
incorporated in the needles upon venting, thus leading to the
denuded zone for the small clusters.

FIG. 4. (Color online) Large-scale AFM images (32 × 32 μm) for
6P on sputter-modiﬁed mica(001) surfaces. Deposition temperature,
400 K; deposition rate, 0.08 ML/min; deposited amount: (a)
0.036 ML, (b) 0.04 ML, (c) 0.077 ML, (d) 0.147 ML. The small
islands are hardly visible in this representation.

whereas the small islands are more compact. In Figs. 4(a)–4(d)
and Figs. 5(a)–5(d) we present large-scale (32 × 32 μm)
and smaller-scale (8 × 8 μm, 2 × 2 μm) AFM images of
such ﬁlms, respectively, for different total coverage in the
sub-monolayer regime, in order to ﬁgure out the coveragedependent development of the large and small islands. The

B. 6 P on sputter-modified mica

Now we turn to the 6P layer growth on the sputter-modiﬁed
mica surface in the sub-monolayer coverage regime. As
shown in Fig. 1(b) and in our previous work,12 also in this
case a bimodal island size distribution can be observed in
a certain coverage range, where both the large and small
islands are composed of standing molecules, as veriﬁed by
AFM [Fig. 1(d)]. The large islands exhibit a dendritic shape,

FIG. 5. (Color online) Small-scale AFM images for 6P on
sputter-modiﬁed mica (001) surfaces. Deposition temperature, 400 K;
deposition rate, 0.08 ML/min; deposited amount: (a) 0.014 ML,
(b) 0.03 ML, (c) 0.036 ML, (d) 0.04 ML.
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FIG. 6. (Color online) AFM images (8 × 8 μm) for different coverages of 6P grown on sputter-modiﬁed mica(001) at 400 K, with a
deposition rate of 0. 1 ML/min: (a) 0.18 ML, (b) 0.47 ML, (c) 0.94 ML.

large-scale AFM images [Figs. 4(a)–4(d)], in which the small
islands are rarely visible, show a continuous increase of the
large island density between 0.04 and 0.15 ML, demonstrating
that in this coverage range the system is in the nucleation
regime. Below 0.04 ML no large islands exist. Between about
0.1 and 0.6 ML the system is in the aggregation regime, where
the island density remains nearly constant and only the island
size increases [Figs. 6(a) and 6(b)], before coalescence starts
above 0.7 ML [Fig. 6(c)].
AFM images with higher resolution (2 × 2 μm) show the
small islands too, which can be observed already before the
large islands develop [Figs. 5(a) and 5(b)]. For larger coverage,
small and large islands coexist, showing a denuded zone next
to the large islands [Figs. 5(d) and 6(a)]. In Fig. 5(c) we can just
see the onset of the formation of some large islands. As long as
no large islands exist, the density of the small islands increases
with the evaporated amount. However, as soon as large islands
start to nucleate, the local density of the small islands between
the large islands (and outside the denuded zones) decreases
again. The number density of the small and large islands as a
function of the total coverage is plotted in Fig. 7. This behavior
resembles the general coverage dependence of island and
monomer densities for diffusion-limited aggregation (DLA).25
Thus, we again speculate that the small islands are not formed

FIG. 7. (Color online) Coverage dependence of the small and
large island density for 6P on sputter-modiﬁed mica. The lines are to
guide the eye.

during deposition, but are rather the result of nucleation of the
monomers in the 2D gas phase when the sample is exposed to
air. This assumption is again corroborated by TDS performed
before and after venting the vacuum chamber. While before
venting only a single desorption peak around 480 K is observed
for a 2-Hz ﬁlm (Fig. 8), after venting and reevacuation again
a broad desorption peak appears between 350 K and 450 K,
which is accompanied by water desorption, in addition to a
peak at 500 K. Why the main desorption peak has even moved
to somewhat higher temperature upon venting is not clear at
the moment.
Finally, we had a closer look at the TDS for very low
coverage with respect to a possible strongly bound wetting
layer on the sputter-modiﬁed surface. However, down to the
coverage of 0.01 ML we observed only a single desorption
peak around 480 K (Fig. 9). This single peak also shows up
for higher sub-monolayer coverage, when already the bimodal
island size distribution exists, and also for multilayer coverage.
Thus, we have to assume that the desorption process is the same
in the whole coverage range, that is, for desorption from the
monomer phase and desorption from condensed islands.

FIG. 8. (Color online) Thermal desorption spectra of 6P (mass
61 amu) on sputter-modiﬁed mica(001), deposited at room temperature. (a) Deposited amount, 2 Hz (0.32 nm mean thickness); (b)
deposited amount, 2 Hz, but afterwards exposed to air and evacuated
again before desorption.
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FIG. 9. (Color online) Series of TDS for very small 6P coverage
on sputter-modiﬁed mica. The deposited amount in monolayers is
given in the inset.

Based on these ﬁndings we explain the AFM images and
TD spectra of sub-monolayer 6P ﬁlms, deposited on sputtered
mica at and below 400 K as follows: At very low coverage
(<0.04 ML) the molecule density is too small to form nuclei
during deposition. Thus, the molecules exist most likely as
ﬂat-lying monomers on the surface, forming a 2D gas phase.
When heating the surface during TDS the molecules become
more mobile and start to form nuclei of standing molecules.
With further temperature increase the standing molecules then
desorb from the rim of these islands. Such a desorption
mechanism has to be assumed; otherwise the desorption peak
would not be at the same temperature as for the multilayer.
This is the case for 6P on the freshly cleaved mica, where
the ﬂat-lying molecules at low coverage desorb at a higher
temperature.
However, if the sputtered mica surface, when covered with
<0.04 ML 6P , is exposed to air, the adsorption of water
apparently initiates nucleation of the molecules in the 2D gas
phase. This could be accomplished either by a lowering of the
adsorption and/or diffusion energy, and/or by a decrease of the
activation energy for nucleation (smaller critical island size,
lower attachment barrier). For higher coverage ( > 0.04 ML)
the nucleation already starts during deposition under vacuum
conditions, leading to a quasiequilibrium between the islands
and the 2D gas phase. The latter will again nucleate upon
venting, resulting in the bimodal island size distribution. At
even higher 6P coverage the distance between the islands
becomes so small that most of the monomers are already
incorporated in the existing islands either during deposition
or at the latest after venting (see Fig. 6). Actually, we have
shown in a recent paper that for the nucleation of 6P on mica,
the attachment limitation indeed plays an even larger role than
the diffusion limitation.26
To corroborate the above-made assumptions we compare
the number density, morphology, island size, and capture zone
distribution of the large 6P islands in the aggregation regime
with that of the small 6P islands in the low coverage regime.
From Fig. 4(d) ( = 0.147 ML) we obtain a density of the
large islands, which are clearly dendritic, of N = 0.12 μm−2 ,

1.5
1.0
0.5
0.0
0.0

0.5

1.0

s/S
FIG. 10. (Color online) (a) Size distribution of the large 6P
islands on sputter-modiﬁed mica (001) after deposition of 0.147 ML at
400 K, as measured with ex situ AFM at room temperature. The curve
is a ﬁt according to the function as proposed by Amar and Family27
for ISD, with p = 2. A typical island morphology is shown in the
inset. (b) Size distribution of the small 6P islands on sputter-modiﬁed
mica (001) after deposition of 0.03 ML at 400 K, as measured with
ex situ AFM at room temperature. The curve is a ﬁt according to the
function as proposed by Amar and Family27 for ISD, with p = 1. A
typical island morphology is shown in the inset.

equivalent to a mean island separation of 2.9 μm. In contrast,
the small islands [Fig. 5(b)] are of compact shape and exhibit
a maximum island density of 34 μm−2 at  ≈ 0.03 ML, just
before nucleation starts, equivalent to a mean island separation
of 0.17 μm. From the very different features of the small
and large islands in terms of density and morphology, one
can safely assume that their physical origin is quite different.
We have also measured the island size distributions (ISDs)
for the large [Fig. 10(a)] and small islands [Fig. 10(b)]. In
order to describe the distributions we have ﬁtted the data by a
function as used for ISD in case of DLA, proposed by Amar
and Family,27
1 

(1)
fp (u) = Cp up exp −pap u ap ,
with u = s/S, where s is the island size and S the average
island size. Cp and ap are p-dependent constants.12 The value
p, which stands for the critical island size in DLA, is, however,
a mere ﬁtting parameter in the case of adsorbate-induced
subsequent nucleation. Unfortunately, the statistics is very
poor, due to the limited number of islands and the errors which
are made in processing the AFM images. Nevertheless, there
seems to be a signiﬁcant difference between the ISD for the
large islands, with p ≈ 2, and the small islands with p ≈ 1.
The value of p = 2 agrees reasonably well with our previously
obtained value of i = 3 ± 1.12
Furthermore, we have evaluated the same AFM images
[Figs. 4(d) and 5(b)] with respect to their capture zone
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FIG. 11. (Color online) (a) Voronoi tesselation for the island distribution of Fig. 4(d) (large islands). (b) Capture zone distribution obtained
by averaging over four AFM images of the ﬁlm corresponding to Fig. 4(d). The curves are the scaling functions of Eq. (2) with parameter i =
0 through 4. The best ﬁt yields i ≈ 2.

distributions (CZDs). Pimpinelli and Einstein28 proposed an
expression for the CZD in the following form:
Pß (s) = aß s ß exp (−bß s 2 ),

(2)

with s = v/V , with v the Voronoi polygon size, V the mean
value of v, aß and bß are constants ﬁxed by normalization and
unit-mean conditions, respectively, and ß = i + 2.29,30 Again,
only for nucleation during deposition the value i stand for the
critical island size, but should be seen as a mere parameter
for the adsorbate-induced subsequent nucleation. The Voronoi
tessellation and the CZD are shown in Figs. 11(a) and 11(b)
for the large islands and in Figs. 12(a) and 12(b) for the small
islands. The best ﬁt of Eq. (2) to the CZD yields i ≈ 2 for the
large islands and i ≈ 1 for the small islands, in good agreement
with the result obtained from the ISD.
C. KMC simulations of adsorbate-induced
subsequent nucleation

KMC simulations were applied for adsorbate-induced subsequent nucleation, in order to understand this process in more

detail and to get information on the critical island size involved.
As outlined above, at the beginning a speciﬁc amount of
particles is randomly deposited on a square lattice with 1000 ×
1000 lattice sites, which should be immobile for t < 0, but
should become mobile for t  0. Proper surface diffusion
energies Q and edge diffusion energies E were assumed, and
the same ν was taken for surface and edge diffusion. If the
edge diffusion energy is set to a high value, rim diffusion
is suppressed and the islands grow with a fractal-like shape
according to the hit-and-stick mechanism. Figure 13 shows
the results for adsorbate-induced subsequent nucleation of a
monomer ﬁlm with initial coverage  = 0.03 ML and a critical
island size i = 7, for vanishing edge hopping (E) [Fig. 13(a)]
and with edge hopping, by taking E = Q = 0.05 eV and ν =
1013 s−1 [Fig. 13(b)]. The used value for Q was inspired by
MD calculation.31 In the latter case the islands were already
quite compact at the end of the simulation, that is, when the
last monomers were incorporated in the islands. The important
result is, however, that the island density depends only weakly
on the shape of the islands (fractal vs compact). A comparison
of several simulations with and without island edge hopping

FIG. 12. (Color online) (a) Voronoi tesselation for the island distribution of Fig. 5(b) (small islands). (b) Capture zone distribution obtained
by averaging over four AFM images of the ﬁlm corresponding to Fig. 5(b). The curves are the scaling functions of Eq. (2) with parameter i =
0 through 4. The best ﬁt yields i ≈ 1.
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FIG. 13. Comparison of KMC simulations for adsorbate-induced
subsequent nucleation without edge hopping (a) and with edge
hopping, where E = Q = 0.05 eV (b). Lattice sites, 1000 × 1000;
initial coverage, 0.03 ML.
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yields that the island density is only about 10% larger in the
case of compact islands. These ﬁndings are similar to the
results by Bales and Chrzan17 on the inﬂuence of the island
morphology on the island density. Similarly, the inﬂuence
of the island morphology on the scaling of the ISD25 and
CZD32 was found to be of minor importance. Since the KMC
simulations including edge diffusion need about 50 times more
computer time, compared to that for the hit-and-stick scenario,
most simulations were done without edge diffusion, if not
stated otherwise.
However, the island density depends strongly on the critical
island size. In Fig. 14 KMC simulations are presented for
 = 0.03 ML, taking into account island compacting by
edge diffusion, with i = 6 [Fig. 14(a)] and i = 7 [Fig. 14(b)]
and compared with the AFM image (1 × 1 μm) of a 6P
ﬁlm with 0.03 ML coverage [Fig. 14(c)]. Assuming a lattice
constant of 1 nm for our simulations, which is a reasonable
compromise for the distance between 6P molecules in the
2D gas phase (Van der Waals dimensions: 0.65 × 2.6 nm)
and in the condensed phase of the standing molecules [lattice
vectors 0.6 × 0.8 nm of the herringbone structure in the
6P (001) plane], the KMC simulation and the AFM images
can be quantitatively compared. According to AFM an island
density of N = 35 ± 5 μm−2 can be determined, the KMC
simulations yield an island density of N = 36 ± 4 μm−2 for
i = 7, whereas i = 6 would yield N = 114 ± 10 μm−2 and
i = 8 yields only N = 12 ± 3 μm−2 . This shows that a critical
island size of i = 7 describes the experimental results best. The

Θ = 0.10

3

10

3

4

5

6

7

8

Critical Island Size
FIG. 15. Island density as a function of the critical island size,
for different initial coverages (0.02–0.1 ML), obtained by KMC
for adsorbate-induced subsequent nucleation. No edge diffusion was
considered.

island densities as a function of the critical island size in the
range of i = 3–8 are compiled in Fig. 15, for initial monomer
coverages between 0.02 and 0.1 ML. For these simulations no
edge diffusion was considered. In Fig. 16 the same data set
is plotted versus the initial monomer coverage, which shows
a linear dependence between lnN and ln. By using a trial
function in the form
(i)

(i)

N (i,) = c · α eß

(3)

we could successfully ﬁt the obtained island densities in the
range of i = 3–8 and  = 0.02–0.1 ML with the parameters
c = 4 × 104 , α(i) = 0. 436i and ß(i) = 0.538i.
In addition, we have also determined the evolution of the
island density and the change of the monomer density with
time. An example is presented in Fig. 17 for an initial coverage
of 0.03 ML and various critical island sizes i. For these
calculations we have again assumed an attempt frequency ν =
1013 s−1 , a diffusion energy Q = 0.05 eV and T = 300 K. As
expected, the time increases for adsorbate-induced subsequent
nucleation with increasing i, but it is in all cases much faster

FIG. 14. (Color online) Comparison of KMC simulations for island densities as a result of adsorbate-induced subsequent nucleation (initial
coverage, 0.03 ML; 1000 × 1000 lattice sites) with an AFM image of 6P on amorphous mica. (a) KMC, critical island size i = 6; (b) KMC,
critical island size i = 7; (c) AFM image (1 × 1 μm); coverage, 0.03 ML.
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FIG. 16. Logarithm of the island density, lnN , versus the logarithm of the coverage, ln, for various critical island size (i = 3–8),
obtained by KMC for adsorbate-induced subsequent nucleation. No
edge diffusion was considered.
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than the time elapsed in the experiments between venting the
vacuum chamber and the AFM measurements.
Finally, ISDs for simulated island ﬁlms were determined for
various critical island sizes. Two exemplary distributions are
shown in Fig. 18(a) for i = 5 and in Fig. 18(b) for i = 7. It turns
out that the distributions depend only weakly on the critical
island size, and can be roughly described according to Eq. (1)
with p = 1.5 ± 0.5. Thus, the calculated ISD is close to that as
experimentally determined for adsorbate-induced subsequent
nucleation, with p ≈ 1. It is clear that the meaning of the
ﬁt parameter p in Eq. (1) for adsorbate-induced subsequent
nucleation is quite different to that for “normal” nucleation
during particle deposition, where p directly represents the
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FIG. 18. (Color online) Island size distribution for KMCsimulated island ﬁlms resulting from adsorbate-induced subsequent
nucleation, with i = 5 (a) and i = 7 (b); initial coverage, 0.03 ML.
Fit curves according to the function by Amar and Family,27 with ﬁt
parameters p = 1, 2. For comparison an ISD from KMC-simulated
nucleation during deposition is shown (c), assuming i = 3. This
demonstrates the very good agreement with the function of Amar and
Family with ﬁt parameter p = 3.

critical island size i. Actually, we could show for comparison,
that our simulations for nucleation during particle deposition,
by assuming a particular critical island size i, indeed lead to
ISDs which could be well described by Eq. (1), as depicted in
Fig. 18(c). For this simulation we assumed, as in the paper by
Li and Evans,33 a critical island size i = 3, a ratio of the edge
hopping rate h1 to the deposition rate F , h1 /F = 106 , and a
coverage of 0.1 ML.
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V. SUMMARY AND CONCLUSIONS
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FIG. 17. Time development of the monomer (dashed lines)
and island density (solid lines) for adsorbate-induced subsequent
nucleation as a function of the critical island size i. Initial coverage,
0.03 ML; attempt frequency, ν = 1013 s−1 ; diffusion energy, Q =
0.05 eV.

The bimodal ISD, which is frequently observed when a
sub-monolayer of 6P is deposited on muscovite mica, has
been investigated in detail. On the freshly cleaved mica(001)
surface the ﬁlms are composed of needlelike islands, which
are surrounded by small crystallites, exhibiting a denuded
zone around the needles. Both, the large islands and the small
crystallites are composed of lying molecules. On a sputter-
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amorphized mica surface the island formation is drastically
changed. In this case dendritic islands are formed, which are
again surrounded by small islands, also exhibiting a denuded
zone. However, the small and large islands are now composed
of standing molecules. Nevertheless, we could demonstrate,
by combining AFM and TDS, that in both cases the small
islands do not exist after deposition in vacuum. They are
rather the result of adsorbate-induced nucleation after venting
the vacuum system. In the case of the freshly cleaved mica
surface a wetting layer dewets, and in the case of the sputtered
mica surface a 2D gas phase nucleates after venting. Most
probably the adsorption of water on the mica surface is
responsible for the subsequent nucleation process. Due to this
coadsorption the molecule/substrate bond energy is reduced,
leading to decreased barriers for surface diffusion and/or for
the attachment of the monomers at the rim of the islands. In
addition, also a change of the critical island size, due to the
adsorption of water, might be responsible for the subsequent
nucleation. Thus, if for a particular coverage already some
islands have developed during deposition under vacuum

conditions, either above a wetting layer or in quasiequilibrium
with a 2D gas phase, a second type of island will appear
after venting due to adsorbate-induced subsequent nucleation,
leading to the bimodal ISD.
We have applied kinetic Monte Carlo simulations; in particular to simulate the adsorbate-induced subsequent nucleation
process, by assuming that an initially immobile monomer
phase becomes mobile at the moment of venting. It turns out
that the island density, due to subsequent nucleation, is just a
function of the critical island size and the initial monomer
coverage. A comparison of KMC simulations with AFM
images for 6P on amorphized mica resulted in a critical island
size of i = 7 molecules. Furthermore, the ISD as determined
from AFM images could be well reproduced by the KMC
simulations.
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Nucleation of Organic Molecules via a Hot Precursor State:
Pentacene on Amorphous Mica
Adolf Winkler* and Levent Tumbek
Institute of Solid State Physics, Graz University of Technology, Petersgasse 16, A-8010 Graz, Austria
ABSTRACT: Organic thin ﬁlms have attracted considerable interest due to their
applicability in organic electronics. The classical scenario for thin ﬁlm nucleation
is the diﬀusion-limited aggregation (DLA). Recently, it has been shown that
organic thin ﬁlm growth is better described by attachment-limited aggregation
(ALA). However, in both cases, an unusual relationship between the island
density and the substrate temperature was observed. Here, we present an
aggregation model that goes beyond the classical DLA or ALA models to explain
this behavior. We propose that the (hot) molecules impinging on the surface
cannot immediately equilibrate to the substrate temperature but remain in a hot
precursor state. In this state, the molecules can migrate considerable distances
before attaching to a stable or unstable island. This results in a signiﬁcantly smaller island density than expected by assuming fast
equilibration and random diﬀusion. We have applied our model to pentacene ﬁlm growth on amorphous Muscovite mica.
SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis
⎛ iE + E i ⎞
N ∝ Rα exp⎜ d
⎟
⎝ (i + 2)kT ⎠

I

n recent years, considerable progress has been made in the
understanding of organic ﬁlm growth. In particular, the
initial steps of ﬁlm formation, nucleation, and aggregation have
been at the center of interest because they essentially deﬁne the
ﬁnal morphology and hence the physical properties of thin
organic ﬁlms. The driving force for this interest is the potential
applicability of organic layers in electronic devices, such as
organic ﬁeld-eﬀect transistors, solar cells, light-emitting devices,
sensors, and so forth.1,2 So far, it has been assumed that the
nucleation and growth of organic ﬁlms, in particular, of those
consisting of rod-like molecules such as pentacene, thiophen, or
hexaphenyl, can be described along the existing nucleation
models for point-like monomers, such as metal atoms.3,4
Recently, however, various experimental results pointed to a
somewhat more complex nucleation mechanism for such
organic molecules.5
The most relevant experimental observables of submonolayer
ﬁlms are the island density and the island size distribution.
These quantities depend on the experimental parameters, such
as deposition rate and substrate temperature, as well as on
system parameters, such as the critical island size, the monomer
diﬀusion energy, and the binding energy of the critical island.
By critical island, one understands the largest cluster that is not
yet stable. The incorporation of one more monomer results in a
stable island that can further grow by the attachment of
monomers. Although it is known that this is a simpliﬁed
scenario,6,7 the assumption of a critical island size is nearly
exclusively made to characterize the initial layer formation.
Furthermore, it is assumed that nucleation and growth are
governed by diﬀusion-limited aggregation (DLA).8 On the basis
of these assumptions, Venables et al.9 have developed a
relationship between the island density N and the experimental
and system-speciﬁc parameters
© 2013 American Chemical Society

(1)

where R is the deposition rate, Ed is the activation energy for
surface diﬀusion of the monomers, Ei is the binding energy of
the critical island, T is the substrate temperature, k is
Boltzmann’s constant, i is the critical island size, and the
exponent α is i/(i + 2). The deposition rate dependence of the
island density has been frequently applied to evaluate the
critical island size for rod-like organic molecules. Stadlober et
al.10 determined a critical island size i between 3 and 4 for
pentacene on various organic and inorganic substrates. A
similar result was obtained by Ribič et al.11 for pentacene on
polymeric substrates. In our research group, we also determined
a critical island size of i = 2 and/or 3 for para-hexaphenyl on a
heavily sputter-amorphized mica surface, depending on the
special arrangement of the molecules in the cluster.12
Nevertheless, some recent experimental results on the
nucleation of p-hexaphenyl (6P)5 and pentacene (5A)
(unpublished results) on sputter-amorphized mica have
shown that the concept of DLA is of limited applicability. As
pointed out above, the power law scaling of the island density
with respect to deposition rate should allow the determination
of the critical island size, according to ln N ≈ α ln R, with α = i/
(i + 2). Accordingly, in this case, the value of α has to be
between 1/3 and 1. While this has been found to be applicable
for 6P deposited on heavily sputtered mica,12 for 6P deposited
on gently sputtered mica, the slope α turned out to be 1.4, at
least in a certain range of the deposition rate.5 It was proposed
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mica, where nucleation could be described by DLA,12 as well as
on weakly sputtered mica, where nucleation had to be described
by ALA.5 Recently, we found a similar behavior for pentacene
(5A) on weakly sputtered mica, as depicted in Figure 1. Data
from previous work for 6P on mica are included as well.5,12

that in this case, the nucleation can be better described by
attachment-limited aggregation (ALA), as put forward ﬁrst by
Kandel13 and worked out later in more detail by Venables and
Brune14
⎛ 2[i(Ed + E b) + E i] ⎞
N ∝ Rα exp⎜
⎟
(i + 3)kT
⎝
⎠

(2)

In this case, an activation barrier Eb for monomer attachment at
the rim of the islands hinders nucleation. Moreover, the
meaning of the exponent α is changed to α = 2i/(i + 3); thus, α
can vary between 0.5 and 2. This resulted in a critical island size
of i = 7 for 6P nucleation on gently sputtered mica.5 A similar
result has recently been obtained for pentacene on the same
substrate, where α = 1.3 and consequently i = 6 (unpublished
results). The diﬀerence between the nucleation behavior of 6P
on heavily sputtered mica in comparison to that for the gently
sputtered mica was explained by the increased importance of
diﬀusion limitation on the increasingly roughened mica surface.
Apart from the peculiar island density dependence of the
deposition rate, which clearly showed that for rod-like organic
molecules, the nucleation process cannot be described by the
classical DLA model, another striking feature is frequently
observed with respect to the temperature dependence of the
island density. According to eqs 1 and 2, for both DLA and
ALA, a plot of ln N versus 1/T should yield a straight line; the
slope of this line is determined by the activation energies
involved. However, there exist several examples in the literature
where a clear bend in the relationship ln N versus 1/T was
observed. Sassella et al.15,16 observed a straight line for the
growth of quaterthiophene on silica for substrate temperatures
T > 200 K but a strong leveling oﬀ for lower temperatures. The
authors explained this as being due to postdeposition
nucleation and growth at low temperatures. Similarly, for αhexathiophene (6T) grown on a (001) surface of a 6T single
crystal, they also reported a leveling oﬀ at low substrate
temperatures.17 Ribič et al.11 observed a bend in the ln N versus
1/T representation for pentacene on various substrates at
around 330 K. The authors described this phenomenon as
being due to possible desorption at higher substrate temperatures. Finally, Yang et al.18 have studied the thin ﬁlm growth of
para-sexiphenyl (6P) on silica, and they also reported a bend at
around 330 K in their representation of the mean island area
versus 1/T. The authors ascribed this to a change in the growth
mechanism. At low substrate temperature, the impinging
molecules should immediately freeze and form a disordered
layer. Subsequently, this ﬁlm should rearrange into an island
ﬁlm; this suggestion is similar to the idea of postdeposition
nucleation.15 While all of the mentioned examples refer to
organic molecules, a similar behavior has also been described
for metal ﬁlm growth, copper on Ni(110), showing even two
bends in the ln N versus 1/T representation.19 In that detailed
study, the authors describe the ﬁrst bend as being due to a
change from postnucleation at low temperatures (no temperature dependence) to nucleation with a critical island size of i =
1 and the second bend to a change of the critical island size
from i = 1 to 3.
We do not want to evaluate the proposed mechanisms and
ponder the pros and cons of the various propositions.
Nevertheless, deviations from a straight line in plots of ln N
versus 1/T seem to be a quite frequent behavior in organic thin
ﬁlm growth. Indeed, we have also observed such a behavior in
our laboratory for para-hexaphenyl (6P) on heavily sputtered

Figure 1. Substrate temperature dependence of the island density for
various ﬁlm/substrate systems. The data “6P-mica-Potocar” were taken
from ref 12, and the data “6P-mica (high R)” and “6P-mica (low R)”
were deduced from ref 5.

It is obvious that all of the data strongly deviate from linear
relationships. We have experimentally veriﬁed by thermal
desorption spectroscopy that up to 400 K for 6P and up to 350
K for 5A, no signiﬁcant desorption exists, thus excluding one of
the above given explanations for this behavior. We also exclude
postdeposition nucleation to be responsible for the decrease of
the slope below the rather high temperature of 300 K. In the
case of Cu on Ni(100), where an activation energy for diﬀusion
of 0.35 eV was determined, postdeposition nucleation appeared
only below 160 K. Because the diﬀusion energy of large organic
molecules on inert substrates is signiﬁcantly smaller (e.g., 0.02
eV for 6P on 6P(001)),20 postdeposition nucleation could only
appear at very low substrate temperatures. A possible reason for
the change of the slope could of course be a change of the
critical island size with surface temperature. However, for 6P on
gently sputtered mica, we have obtained a critical island size of i
= 7 ± 2 for substrate temperatures between 150 and 400 K.5
No trend to a lower critical island size for lower temperature
could be observed. Moreover, the dramatic change of the slope
by more than a factor of 7 cannot be explained by a change in
the critical island size. Even if it changed from i = 7 at 400 K to
i = 1 at 150 K, this would only lead to a change by less than a
factor of 3. The most surprising fact, however, is that the slope
in the low-temperature regime of Figure 1 yields unrealistically
small activation energies. According to eq 2, the slope β in the
plot of ln N versus 1/T for ALA is given by 2[i(Ed + Eb) + Ei]/
(i + 3)k. From Figure 1, we can deduce an average asymptotic
slope of β ≈ 3600 K in the high-temperature regime and ∼500
K in the low-temperature regime. Assuming a simple bondbreaking model for the binding energy of the critical cluster (Ei
= (i − 1)Ec, with Ec being the binding energy between two 6P
molecules) and by making a further simpliﬁcation of 7(Ed + Eb)
+ 6Ec ≈ 6(Ed + Eb + Ec) = 6E̅ (because Ec is much larger than
Ed and possibly Eb), we can estimate the sum of all energies
4081

dx.doi.org/10.1021/jz402301v | J. Phys. Chem. Lett. 2013, 4, 4080−4084

The Journal of Physical Chemistry Letters

Letter

involved, E̅ , from the slope β. For the large slope, we obtain E̅
≈ 0.26 eV, and for the small slope, E̅ ≈ 0.036 eV. In particular,
the latter value is ridiculously small, considering the fact that
the binding energy Ec between two 6P molecules in a cluster,
consisting of seven molecules lying on a 6P(001) plane, has
been calculated by molecular dynamics to be about 0.6 eV.12
In this Letter, we propose a quite diﬀerent nucleation
scenario that can account for the observed unusual phenomena.
We suggest that the impinging organic molecules, which
initially possess a kinetic energy according to the Knudsen cell
temperature (typically 500 K), cannot immediately dissipate
their kinetic energy upon impact on the substrate. Furthermore,
excited rotational and vibrational states have to equilibrate. This
may lead to a so-called hot precursor state in which the
molecules are conﬁned to the surface but have some transient
mobility along the surface until they fully accommodate.21 This
idea was inspired by experimentally22,23 and theoretically24,25
well-founded similar adsorption processes, for example, for the
dissociative adsorption of small molecules or the adsorption of
hydrogen atoms.26 An instructive example is the adsorption of
Xe on Pt(111),27 where most of the adsorbed Xe atoms were
found at step edge sites, even at a surface temperature of 4 K,
indicating a transient mobility over several 100 Å at this
temperature. Some other examples for adsorption via a hot
precursor are oxygen adsorption on Ag(110)28 and water
adsorption on Rh(111).29 Furthermore, when the scenario of a
hot precursor holds, varying the kinetic energy of the impinging
molecules should allow modiﬁcation of the nucleation and
growth. This has indeed been shown by several groups where
the kinetic energy of pentacene has been varied by seeding in
supersonic molecular beams. An inﬂuence on both the ﬁlm
morphology30,31 as well as the electronic properties of the
pentacene ﬁlms has been observed.32 Although the existence
and importance of transient mobility in precursor states has
frequently been questioned in the past, nowadays, this scenario
is generally accepted. A comprehensive reference list to this
subject can be found in a recent paper by Gao et al.33
It is quite diﬃcult to describe the microscopic details of the
formation and duration of a hot precursor state and the
subsequent processes that lead to nucleation. When an
impinging molecule encounters the substrate surface, part of
its initial kinetic energy (about 86 meV at 500 K) and internal
energy (rotation, vibration) will be dissipated, but some part
can also be converted into parallel kinetic energy and frustrated
rotational motion. Furthermore, the molecule will be
accelerated in the attractive potential, and this energy can
then also be partially converted into lateral motion. The
rotational to lateral kinetic energy conversion will strongly
depend on the orientation of the impinging molecule. When
the molecule is ﬁnally trapped on the surface, it will travel along
the surface in a ballistic-like motion, where it can continuously
lose energy by inelastic scatting with surface phonons until it
fully equilibrates, and the further motion can be described by
random hopping. During this hyperthermal sojourn, the
molecules can hit other molecules to form unstable or stable
clusters or become incorporated into an existing cluster. The
clusters may even not be in equilibrium with the surface. Hot
molecules hitting the islands may transfer enough energy to
break them apart or at least detach some monomers again. A
comprehensive description of the processes for molecules in a
hot precursor and their contribution in aggregation would
require detailed molecular dynamics and kinetic Monte Carlo
simulations, which is beyond the scope of this work and has not

been performed on large organic molecules so far, to the best of
our knowledge.
For a semiquantitative description of our experimental data,
we mimic the increased mobility in the hot precursor state by
random diﬀusion of molecules with an eﬀective temperature
larger than the surface temperature. We deﬁne an eﬀective
temperature
Teff (Ti , Ts , κ ) = Ti − κ ·(Ti − Ts)

(3)

with Ti as the temperature of the impinging molecules (i.e., the
Knudsen cell temperature), Ts as the surface temperature, and κ
as a coeﬃcient that is related to the energy dissipation during
the molecule impact at the surface and the sojourn in the hot
precursor. The special ansatz (eq 3) was inspired by the wellknown energy accommodation coeﬃcient α*, which can be
measured by molecular beam scattering, α* = (Ti − Tout)/(Ti −
Ts).34 In that case, the outgoing (nonaccommodated) scattered
molecules can be described by a temperature Tout = Ti − α*(Ti
− Ts). If we now assume that these nonaccommodated
molecules cannot leave the surface because their normal
component of the momentum is not high enough to overcome
the adsorption potential well due to an eﬃcient normal-toparallel momentum transfer, the molecules my travel
temporarily along the surface as hot molecules. We describe
the ensemble of hot and thermalized molecules, including the
stable and unstable clusters on the surface, by the eﬀective
temperature Teff.
In Figure 2, we plot the qualitative relationship between the
island density ln N as a function of 1/Ts for various coeﬃcients

Figure 2. Qualitative dependence of the island density on the surface
temperature for various energy dissipation coeﬃcients κ according to
eqs 2 and 3. For the calculation, an energy Ê = 1 eV and Ti = 500 K
were used.

κ, according to eqs 2 and 3, ln N ≈ Ê /kTeff(Ti,Ts,κ), with Ê =
2[i(Ed + Eb) + Ei]/(i + 3). One clearly recognizes the curved
shape of these relationships, which is most pronounced for an
energy dissipation coeﬃcient of about 0.5. Furthermore, one
can observe the signiﬁcant decrease in slope with decreasing κ
for the same constant activation energies involved.
In Figure 3, we show quantitative ﬁts to the experimental
data for pentacene on the sputter-amorphized mica surface by
using the following equation, assuming the ALA nucleation
scenario
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molecules to migrate over larger distances along the surface
than in the equilibrated state, thus inﬂuencing the nucleation
and growth considerably. Speciﬁcally, for the system pentacene
on sputtered Muscovite mica, which has been shown to obey
ALA, we observe a strong deviation from a straight line in the
ln N versus 1/T plot, indicating the eﬀect of transient mobility
in nucleation and aggregation. In particular, for low surface
temperatures, the island density is much smaller than expected
from classical nucleation theory. It turns out that for a proper
description of the experimental results, an energy dissipation
coeﬃcient of κ ≈ 0.19−0.25 has to be assumed. Although
several unknown parameters enter the modiﬁed Venables
equation (diﬀusion constants and various activation energies), a
reasonable value for the sum of all energies involved of about
1−1.5 eV could be obtained, whereas the application of the
classical nucleation models dramatically failed.

■

EXPERIMENTAL METHODS
Pentacene was deposited on a Muscovite mica surface by
physical vapor deposition from a Knudsen cell in an ultrahigh
vacuum chamber. The cell temperature was about 500 K to
realize a deposition rate of 1 monolayer/min. The mica samples
(10 × 10 × 0.01 mm3) were attached to a steel plate via
tantalum wires. The steel plate was heated resistively, and its
temperature was controlled by a Ni−NiCr thermocouple spotwelded to the back of the plate. This allowed controlled heating
of the mica sample. With additional LN2 cooling, the
temperature of the mica sample could be varied between 100
and 1000 K. For a quantitative determination of the deposited
material, a quartz microbalance was used, which was located
next to the mica substrate. The mica substrate was cleaved with
adhesive tape prior to installation into the vacuum chamber and
subsequently gently sputtered by argon ions. Ten minutes of
sputtering with 500 eV Ar+ ions at an argon pressure of 5 ×
10−5 mbar was suﬃcient to change the 5A ﬁlm morphology
from needle-like islands, composed of lying molecules, to
compact islands composed of standing molecules.5 The surface
chemical composition was analyzed by Auger electron spectroscopy and X-ray photoelectron spectroscopy. Thermal
desorption spectroscopy was applied to determine the thermal
stability of the pentacene ﬁlm and the sticking coeﬃcient. Ex
situ atomic force microscopy (Nanosurf, EasyScan2) was used
to analyze the ﬁlm morphology.

Figure 3. Experimental data points (black squares) for the island
density as a function of the surface temperature for pentacene on
sputter amorphized mica, together with three ﬁt curves a−c. (a) E̅ =
1.01 eV, κ = 0.23; (b) E̅ = 0.99 eV, κ = 0.25; (c) E̅ = 0.98 eV, κ = 0.27.
The inset shows some of the AFM images used for the determination
of the island density, 8 × 8 μm2 for 150, 250, and 350 K and 4 × 4 μm2
for 200 K.
⎛ 4R ⎞2i / i + 3
⎛ 2[i(Ed + E b) + (i − 1)Ec] ⎞
N[μm−2] = 10−8·N0⎜
exp⎜
⎟
⎟
⎝ ν0N0 ⎠
⎝ (i + 3)k(Ti − κ(Ti − Ts)) ⎠

(4)

with N0 = 4 × 1014 cm−2 (density of pentacene molecules in the
islands composed of standing molecules, roughly equivalent to
the density in a 5A (001) layer), R = 1 ML/min (7 × 1012 cm−2
s−1), Ti = 500 K (Knudsen cell temperature), and i = 6 (this
value was obtained from the deposition rate dependence of the
island density, unpublished results). Furthermore, we make use
of the before-mentioned simpliﬁcation i(Ed + Eb) + (i − 1)Ec ≈
(i − 1)(Ed + Eb + Ec) = (i − 1)E̅ . The curvature of the ﬁt is
mainly determined by the accommodation coeﬃcient κ. Only
values of κ ≈ 0.15−0.3 lead to a proper curvature. For a
quantitative ﬁt, the parameters are not independent from each
other. The classical hopping frequencies for surface diﬀusion
are on the order of 1013 s−1. Using this frequency, we obtain a
best ﬁt with E̅ = 0.99 eV and κ = 0.25 (Figure 3). However,
because, according to transition-state theory, the rate constant
is the product of kT/h and the ratio of the partition functions in
the transition state and the adsorbed state, this value can be
much larger for large organic molecules. This has not only been
shown for desorption35 but also for diﬀusion of organic
molecules. For 6P on sputtered mica, we obtained ν0 = 2 × 1017
s−1.12 Using such a diﬀusion frequency, we obtain a best ﬁt with
E̅ = 1.49 eV and κ = 0.19. Despite the rather broad range of
possible energy and frequency factors, the obtained values are
much more realistic than those deduced by the classical
evaluation, where diﬀusion of equilibrated molecules is
assumed.
In summary, we have described a possible scenario for the
unusual temperature dependence of the nucleation of organic
molecules. We propose that the impinging molecules, which
possess a translational energy according to the evaporation
source temperature, enter a transient hot precursor state before
equilibrating to the surface temperature. This enables the
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(11) Ribič, P. R.; Kalihari, V.; Frisbie, C. D.; Bratina, G. Growth of
Ultrathin Pentacene Films on Polymeric Substrates. Phys. Rev. B 2009,
80, 115307.
(12) Potocar, T.; Lorbek, S.; Nabok, D.; Shen, Q.; Tumbek, L.;
Hlawacek, G.; Puschnig, P.; Ambrosch-Draxl, C.; Teichert, C.;
Winkler, A. Initial Stages of para-Hexaphenyl Film Growth on
Amorphous Mica. Phys. Rev. B 2011, 83, 075423.
(13) Kandel, D. Initial Stages of Thin Film Growth in the Presence of
Island-Edge Barriers. Phys. Rev. Lett. 1997, 78, 499.
(14) Venables, J. A.; Brune, H. Capture Numbers in the Presence of
Repulsive Adsorbate Interactions. Phys. Rev. B 2002, 66, 195404.
(15) Berlanda, G.; Campione, M.; Moret, M.; Sassella, A.; Borghesi,
A. Evidence of Postdeposition Nucleation in Organic Molecular Thin
Films. Phys. Rev. B 2004, 69, 085409.
(16) Sassella, A.; Campione, M.; Papagni, A.; Goletti, C.; Bussetti, G.;
Chiaradia, P.; Marcon, V.; Raos, G. Strategies for Two-Dimensional
Growth of Organic Molecular Films. Chem. Phys. 2006, 325, 193−206.
(17) Campione, M.; Caprioli, S.; Moret, M.; Sassella, A.
Homoepitaxial Growth of α-Hexathiophene. J. Phys. Chem. C 2007,
111, 12741−12746.
(18) Yang, J.; Wang, T.; Wang, H.; Zhu, F.; Li, G.; Yan, D. UltrathinFilm Growth of para-Sexiphenyl (I): Submonolayer Thin-Film
Growth as a Function of the Substrate Temperature. J. Phys. Chem.
B 2008, 112, 7816−7820.
(19) Müller, B.; Nedelmann, B.; Brune, H.; Kern, K. Initial Stages of
Cu Epitaxy on Ni(100): Postnucleation and a Well-Defined Transition
in Critical Island Size. Phys. Rev. B 1996, 54, 17858−17865.
(20) Hlawacek, G.; Puschnig, P.; Frank, P.; Winkler, A.; AmbroschDraxl, C.; Teichert, C. Characterization of Step-Edge Barriers in
Organic Thin-Film Growth. Science 2008, 321, 108−111.
(21) Barth, J. V. Transport of Adsorbates at Metal Surfaces: From
Thermal Migration to Hot Precursors. Surf. Sci. Rep. 2000, 40, 75−
149.
(22) Barker, J. A.; Auerbach, D. J. Gas−Surface Interactions and
Dynamics: Thermal Energy Atomic and Molecular Beam Studies. Surf.
Sci. Rep. 1984, 4, 1−99.
(23) Rendulic, K. D.; Winkler, A. Adsorption and Desorption
Dynamics As Seen through Molecular Beam Techniques. Surf. Sci.
1994, 299, 261−276.
(24) Gross, A. Reactions at Surfaces Studied by Ab-Initio Dynamics
Calculations. Surf. Sci. Rep. 1998, 32, 291−340.
(25) Tully, J. C. Dynamics of Chemical Processes at Surfaces. Acc.
Chem. Res. 1981, 14, 188−194.
(26) Harris, J.; Kasemo, B. On Precursor Mechanisms for Surface
Reactions. Surf. Sci. 1981, 105, L281−L287.
(27) Weiss, P. S.; Eigler, D. M. Adsorption and Accommodation of
Xe on Pt(111). Phys. Rev. Lett. 1992, 69, 2240−2243.

(28) Barth, J. V.; Zambelli, T.; Winnterlin, J.; Ertl, G. Hot Precursors
in the Adsorption of Molecular Oxygen on Ag(110). Chem. Phys. Lett.
1997, 270, 152−156.
(29) Beniya, A.; Mukai, K.; Yamashita, Y.; Yoshinobu, J. Transient
Diffusion and Cluster Formation of Water Molecules on Rh(111) at
20 K. J. Chem. Phys. 2007, 126, 141102.
(30) Wu, Y.; Toccoli, T.; Zhang, J.; Koch, N.; Iacob, E.; Pallaoro, A.;
Ianotta, S.; Rudolf, P. Key Role of the Molecular Kinetic Energy in
Early Stages of Pentacene Island Growth. Appl. Phys. A: Mater. Sci.
Process. 2009, 95, 21−27.
(31) Casalis, L.; Danisman, M. F.; Nickel, B.; Bracco, G.; Toccoli, T.;
Ianotta, S.; Scoles, G. Hyperthermal Molecular Beam Deposition of
Highly Ordered Organic Thin Films. Phys. Rev. Lett. 2003, 90, 206101.
(32) Toccoli, T.; Pallaoro, A.; Coppedè, N.; Ianotta, S.; De Angelis,
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ABSTRACT: It is known in thin-ﬁlm deposition that the density of nucleated clusters N
varies with the deposition rate F as a power law, N ∼ Fα. The exponent α is a function of the
critical nucleus size i in a way that changes with the aggregation limiting process. We extend
here the derivation of the analytical capture-zone distribution function Pβ(s) = aß·sβ·exp(bβs2) of Pimpinelli and Einstein to generic aggregation-limiting processes. We show that the
parameter β is generally related to the critical nucleus size i and to the exponent α by the
equality α·β = i, in the case of compact islands. This remarkable result allows one to measure
i with no a priori knowledge of the actual aggregation mechanism. We apply this equality to
measuring the critical nucleus size for pentacene deposition on mica. This system shows a
crossover from diﬀusion-limited to attachment-limited aggregation with increasing
deposition rates.
SECTION: Surfaces, Interfaces, Porous Materials, and Catalysis
hen growing a thin ﬁlm by depositing atoms or
molecules on a substrate, one of the most easily
accessible pieces of information is the surface density of
clustersalso called islandsafter a given deposition time. As
Venables and co-workers1 showed many years ago, the island
density N is a function of the substrate temperature T and of
the deposition rate F, and it depends on a material parameter,
the size of the critical nucleus, i. The latter is the number of
atoms that are part of the largest unstable cluster: a cluster of
size i+1 can only growthrough capture of diﬀusing
monomerswhile smaller clusters can both grow and dissolve.
The critical nucleus size itself is in reality a function of T and F,
but simulations and actual experiments show that a realor
realisticsystem behaves in some range of values of the
external parameters as though a given value of i were selected.
In particular, Venables and co-workers showed that the island
density at ﬁxed substrate temperature behaves as a power-law
function of the deposition rate, N ∼ Fα, where the exponent α
depends on i. Measuring the island density as a function of the
deposition rate thus allows one to obtain the value of i for given
experimental conditions.
Measuring N was made possible by observation techniques
such as transmission electron microscopy (TEM), scanning
electron microscopy (SEM), scanning tunneling microscopy
(STM) or atomic force microscopy (AFM). The same
techniques allow one to measure the size of each cluster and
thus obtain the island size distribution (ISD) for given T and F.
Simulations have shown2 that the ISD can be quantitatively
described by an ad hoc analytic expression which contains a
single parameter, the critical cluster size i. Therefore, that
expression has been widely used to extract i from STM or AFM
images.

W
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More recently, Pimpinelli and Einstein (PE)3 have proposed
an alternative analytic approach for extracting values of i based
on the capture zone distribution (CZD). A capture zone, as the
name suggests, is the region of the substrate around an island
that collects monomers that are most likely to be captured by
that island. Capture zones are approximated (see the inset in
Figure 2 below) by the more manageable Voronoi polygons
regions of the plane whose points are closest to the center of
mass of the islands than to any other point. The CZD is then
the statistical distribution of the sizes (areas) of the capture
zones. The idea of using CZD in connection with island
nucleation dates back to the 90s4 and has been reviewed and
discussed more frequently by several authors.5−7 The novel
feature of PE’s proposal was to provide a prescription for
computing the analyticalthough approximateform of the
CZD depending on a single parameter, which turned out to be
precisely i, the size of the critical nucleus. The analytical form
coincides with the so-called generalized Wigner distribution
(GWD) previously used for describing, among other things,
ﬂuctuations of crystal steps.8,9 The agreement between the
GWD and CZD has been checked against results from kinetic
Monte Carlo (kMC) simulations by several authors.10−13 A
thorough discussion of kMC simulations can also be found in
refs 14−16, which concludes that the GWD is indeed an
excellent quantitative approximation to the CZD.
The original PE derivation was made for nucleationor
aggregationlimited by surface diﬀusion, which is called
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diﬀusion-limited aggregation (DLA). This is also the only
aggregation mechanism for which an analytical approximation
to the ISD exists.2 We will show here that PE’s approach can be
generalized to any kind of aggregation mechanism, which
makes it a much more powerful tool than the ISD. In fact, we
will show that coupling the measurements of the island density
as a function of the deposition rate with measurement of the
CZD allows one to extract the critical nucleus size i without the
need of any assumptions concerning the nucleation mechanism.
We will apply these novel results to deposition, diﬀusion and
aggregation of pentacene molecules on sputter amorphized
mica surfaces. This system exhibits a crossover between
diﬀerent nucleation regimes. We will show how PE’s approach
allows one to determine i without a priori assumptions about
the aggregation process.
One of the most interesting aspects of PE’s approach is the
connection between the form of the CZD and nucleation: the
small-area behavior of the distribution is directly dictated by
creation of new CZs when new islands are nucleated. PE
conjectured a proportionality relation between the probability
P(s) of ﬁnding a given value of the dimensionless area s = A/
⟨A⟩ of a CZ (at small s), and the probability of nucleating a new
island. The latter is in turn proportional to ∫ dr r [n(r)]i+1, n
being the density of diﬀusing monomers, and the integral being
computed over half the average distance between islands, L.17
The precise functional form of the CZD depends therefore on
the monomer density inside the CZ or, more precisely, on the
way the monomer density scales with the area of the CZ. This
is in turn determined by the characteristics of the diﬀusion and
aggregation process involved. For instance, if aggregation is
limited by diﬀusion (DLA) as in ref 3, so that attachment of
monomers at the rim of the islands is fast compared to
diﬀusion, the monomer density n must vanish at the island
edge. The average monomer density can be then shown to scale
as the area A = L2 of the capture zone, within logarithmic
corrections.17 The nucleation probability scales thus as ∫ dr r
[n(r)]i+1 ∼ L2(i+2) = A(i+2). The corresponding CZD has
therefore the form of a GWD, Pβ(s) = aβ·sβ·exp(−bβs2), where
the parameter β reads βDLA = i + 2.18 The GWD arises as the
stationary solution of a Fokker−Planck equation describing the
ﬂuctuation of a single CZ in an external potential due to
neighboring CZs.3 A quadratic term hinders the CZ from
growing much larger than average, and originates the Gaussian
decay.
However, diﬀerent types of aggregation regimes are
observed: besides diﬀusion, nucleation can be limited by
attachment barriers, reactions, blocking impurities, and
desorption, just to name a few. Anisotropies in diﬀusion and/
or attachment can also lead to diﬀerent nucleation regimes.
Such diﬀerences manifest themselves in the power-law relation
N ∼ Fα: the way the exponent α depends on i changes with the
various limiting processes. This happens because, in the steady
state where most islands have formed, the monomer density is
ﬁxed by the balance between deposition and capture by
islandsat least, when monomer desorption is negligible.
Assuming that just a single aggregation mechanism is at work
the monomer density n will scale as a power of the island
density N, n ∼ (F/D)N−γ,19 where γ is characteristic of the
limiting process: γ = 1 for isotropic diﬀusion, γ = 2 for strongly
anisotropic (1D) diﬀusion, γ = 1/a for restricted monomer
diﬀusion, where a is an a priori unknown function of the
concentration of blocking impurities.19 In the case of
attachment-limited aggregation (ALA), as shown by Kandel,20

the monomer density scales as the distance between islands, so
that γ = 1/2. The scaling of the island density with deposition
rate in the saturation regimewhere the island density has its
maximumis then found balancing the nucleation rate (D/
F)nni against island coalescence (see ref 19 for details):
N /θc ≈ (D/F )nni

(1)

where θc is the surface coverage when islands come into
contact, D the monomer diﬀusion coeﬃcient, and ni is a meanﬁeld approximation to the density of critical nuclei of size i
(Walton relation).21 A temperature-dependent coeﬃcient has
been omitted from eq 1. As shown in ref 19, θc is in special
situations (e.g., when clusters are fractal) a function of the
island density itself. Assuming that θc ∼ Nδ (for instance, eq 23
of ref 19 implies θc ∼ Nδ with δ = 1 − df/2; more details are
given below) and substituting n ∼ (F/D)N−γ into eq 1 yields N
∼ Fα, with α = i/(γi+1+γ − δ). In the case of DLA and isotropic
diﬀusion (γ = 1) this leads to the well-known relationship α =
i/(i+2), with δ = 0. For attachment-limited aggregation (γ = 1/
2 and δ = 0) one ﬁnds α = 2i/(i + 3).20,22
Consider PE’s prescription for the small-s behavior of P(s): it
must follow from equating P(s) and ∫ dr r [n(r)]i+1.
Substituting n ∼ (F/D)N−γ and N ∼ L−2 ∼ A−1 yields P(s)
∼ s[1+γ(i+1)] at small s. Factoring in the Gaussian decay3 at large s
yields a GWD Pβ(s) = aβ·sβ·exp(-bβs2) where
β = γi + 1 + γ

(2)

As a consequence, the equality

α (β − δ ) = i

(3)

holds.
Therefore, when δ = 0, eq 3 reduces to

αβ = i

(4)

Equation 4 also holds as an approximate identity valid when δ
≪ β, which is true in most situations of practical interest. As an
example, consider a (possibly) fractal island growing in
diﬀusion-limited conditions (DLA). The “mass” M (number
of monomers) of an island at time t obeys the equation M =
jDLA t, where jDLA = Dn is the monomer current to the island
edge. For 2D growth, the island mass M and its radius r is
related by M = (t/a)df where df is thepossibly fractal
dimensionality of the island, and a a molecular length scale.
The surface coverage at which two islands come into contact, θc
= Ftc is found by letting r = 1/N1/2 at t = tc . Therefore, Dn ∼
FN −1 (γ = 1 for DLA in 2D), so that Ftc ∼ N1‑df/2 and δ = 1 −
df/2. Hence, for compact islands (df = 2), δ = 0, while δ = 0.15
for fractal islands with df = 1.7.
The same result is found for islands growing in attachmentlimited conditions (attachment-limited aggregation, or ALA).
In this case, M = jALA t, where jALA = 2πrkn, and k is an
attachment kinetic coeﬃcient. As shown by Kandel,20 the
monomer density scales as the distance between islands, kn ∼
FN −1/2 (γ = 1/2) so that Ftc ∼ N1−df/2 and again δ = 1 − df/2.
We can therefore generalize eq 3 to fractal islands:
α(2β + df − 2)/2 = i

(5)

As a byproduct of eq 4 the exponent βALA of the
corresponding GWD can be computed for compact islands:

βALA = (i + 3)/2
996
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Equations 2−6 are the main theoretical results of the present
Letter. They are indeed remarkable, because they imply that
measuring α and β (and possibly the fractal dimensionality of
the clusters) allows one to measure the critical nucleus size,
without any knowledge of the aggregation mechanism. However, of
course, the knowledge of the aggregation mechanism is still a
crucial point to fully understand the ﬁlm morphology.
In order to show how this theoretical approach can be useful
for interpreting experiments, we have investigated island
nucleation in a typical organic system: pentacene deposited
on amorphized mica. The growth behavior is similar to that for
the system p-hexaphenyl (6P) on sputtered mica.23−25 That
system was shown not to conform to standard reversible
DLA.26 As stated above, (reversible) DLA is characterized by an
island density N that, in the submonolayer regime, depends on
the deposition rate F as N ∼ Fα, with α = i/(i+2). It is readily
seen that α can only take values between 0.33 and 1 in DLA.
However, deposition experiments of 6P molecules on mica
resulted in exponents α larger than one,26 inconsistent with
DLA. The growth kinetics of pentacene (5A) cannot be
described simply by reversible DLA either, as shown in Figure
1. In particular, a crossover is observed in the ln N versus ln F

Figure 2. (a) Capture zone distribution (black dots) obtained by
summing over 5 diﬀerent AFM images of a 5A ﬁlm deposited on
sputtered mica with a low deposition rate F = 0.08 ML/min at room
temperature. The curves were calculated using the ﬁt function Pβ(s)
from PE3. The best ﬁt yields β = 5.0 ± 0.5. The inset shows a
representative Voronoi tessellation (50 μm × 50 μm). (b) Capture
zone distribution (black dots) obtained by summing over 5 diﬀerent
AFM images of a 5A ﬁlm deposited on sputtered mica with a high
deposition rate F = 1.37 ML/min at room temperature. The curves are
calculated using the ﬁt function Pβ(s) from PE3. The best ﬁt yields β =
4.0 ± 0.5. The inset shows a representative Voronoi tessellation (8 μm
× 8 μm).

eq 4 (α·β = i, i = 5.2 ± 1.0) is right in between, and consistent
with both values within error bars.
At low deposition rate, the measured α = 0.8 ± 0.1 is
(possibly) consistent with both DLA and ALA. Assuming that
DLA holds, α = i/(i + 2) yields an estimate for i that varies
between 4.7 and 18, while β = i + 2 gives i = 3 ± 0.5. Assuming
ALA, α = 2i/(i + 3) yields i = 2.0 ± 0.4, while β = 5.0 ± 0.5 and
β = (i + 3)/2 gives i = 7 ± 1.0. The value i = 4.0 ± 0.9 as
obtained by eq 4 is roughly consistent with nucleation being in
a DLA regime at small deposition rates. We stress, however,
that the values obtained from eq 4 do not assume any given
aggregation mechanism, and are unbiased measures of the size
of the critical nucleus size.
In summary, we have presented a general relationship
between the exponents α, describing the rate dependence of the
island density and the exponent β, as used to describe the
capture zone distribution (CZD) in form of the Wigner
surmise: α·β = i, i being the critical island size. The PE
proposal3 that the generalized Wigner distribution (GWD) be
used to describe the CZD in the submonolayer regime shows
here all its strength; it has the merit of deriving from a formal
mathematical argument that allows it to be extended to any
aggregation-limiting process. For the scenario of attachmentlimited aggregation we obtain β = (i+3)/2. Such an extension is
not possible for the island size distribution (ISD), whose

Figure 1. Island density N as a function of deposition rate F at 300 K.
The slope at low rate is α = 0.8 ± 0.1, at high rate α = 1.3 ± 0.1. The
inset shows exemplary AFM images (8 μm × 8 μm) for diﬀerent
deposition rates. (a) 0.01 ML/min, (b) 0.15 ML/min, (c) 0.48 ML/
min, (d) 1.37 ML/min. The mean coverage is in all cases 0.1 ± 0.01
ML.

plot between a value of the exponent α = 0.8 ± 0.1 at low, and
α = 1.3 ± 0.1 at high deposition rate. We have then measured
the CZD in both the low (Figure 2a) and high F range (Figure
2b), and determined β = 5.0 ± 0.5 for the low and β = 4.0 ± 0.5
for the high F range, respectively. This allows us to estimate the
critical nucleus size using eq 4, assuming that δ is either
vanishing or small. We ﬁnd i = 4.0 ± 0.9 in the low F regime,
and i = 5.2 ± 0.9 in the high F one.
The traditional approach would be to use the measured value
of α and to surmise the aggregation regime, and then compute i
from the theoretical expressions for α and β. Thus, the value
measured at high deposition rate is inconsistent with DLA, and
possibly consistent with ALA. Using now α = 2i/(i+3) and the
experimental value α = 1.3 ± 0.1 yield i = 5.6 ± 1.4. Using β =
(i + 3)/2, (β = 4.0 ± 0.5) yields i = 5.0 ± 1.0. The value from
997
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analytic form was derived from ﬁts to Monte Carlo simulations
of reversible diﬀusion-limited aggregation (DLA). Nothing is
known to what the ISD should be in other instances, e.g., for
attachment-limited aggregation (ALA). We have applied the
CZD to the system pentacene on sputter amorphized mica.
This system showed a crossover from DLA for low deposition
rates to ALA for high deposition rates. A critical island size of
about 5 molecules was determined.

■

EXPERIMENTAL METHODS
Pentacene was deposited on a Muscovite mica surface by
physical vapor deposition from a Knudsen cell in an ultrahigh
vacuum chamber. The cell temperatures were adjusted between
450 and 490 K, in order to realize deposition rates between
0.01 ML/min and 4.5 ML/min, respectively. The mica samples
(10 × 10 × 0.01 mm3) were attached to a steel plate via
tantalum wires. The steel plate was heated resistively, and its
temperature was controlled by a Ni−NiCr thermocouple spotwelded to the back of the plate. This allowed controlled heating
of the mica sample. With additional LN2 cooling, the
temperature of the mica sample could be varied between 100
and 1000 K. Typically, the sample holder was cooled during the
experiments for a better residual gas pressure, but the sample
was hold at 300 K during deposition by proper sample heating.
For a quantitative determination of the deposited material a
quartz microbalance was used, which was located next to the
mica substrate. The mica substrate was cleaved with adhesive
tape prior to installation into the vacuum chamber and
subsequently gently sputtered by argon ions. Ten minutes of
sputtering with 500 eV Ar+ ions at an argon pressure of 5 ×
10−5 mbar were suﬃcient to change the 5A ﬁlm morphology
from needle like islands, composed of lying molecules, to
compact islands composed of standing molecules. The surface
chemical composition was analyzed by Auger electron spectroscopy and X-ray photoelectron spectroscopy. Thermal
desorption spectroscopy was applied to determine the thermal
stability of the pentacene ﬁlm and the sticking coeﬃcient. Exsitu atomic force microscopy (Nanosurf, EasyScan2) was used
to analyze the ﬁlm morphology.
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The interaction of potassium with mica(001) and its influence on the subsequent film growth of
para-hexaphenyl (6P) was studied by Auger electron spectroscopy, thermal desorption spectroscopy,
and atomic force microscopy (AFM). Freshly cleaved mica is covered with 0.5 monolayer (ML)
of potassium. By intentional potassium deposition in ultra-high vacuum a saturation of 1 ML can
be achieved, which is stable up to 1000 K. Additional potassium desorbs at around 350 K. The
film morphology of 6P on mica(001) is significantly influenced by the potassium monolayer. On the
freshly cleaved mica surface, which contains 1/2 ML of K, 6P forms needle-like islands which are
composed of lying molecules. On the fully potassium covered mica surface 6P grows in form of
dendritic islands, composed of standing molecules. The reason for this change is attributed to the
removal of lateral electric fields which exist on the freshly cleaved mica surface, due to the specific
arrangements of the atoms in the surface near region of mica. © 2012 American Institute of Physics.
[http://dx.doi.org/10.1063/1.4754833]
I. INTRODUCTION

Muscovite mica is a frequently used substrate for epitaxial film growth. Due to the sheet-like structure of this
material one can easily prepare atomically smooth surfaces
just by cleaving. Such freshly cleaved mica substrates have
been particularly used to study the film growth of rod-like
organic molecules, e.g., oligo-phenylenes,1–4 oligo-acenes,5
and oligo-thiophenes.6, 7 In most of these cases the ultra-thin
films consist of needle-like islands, which are composed of
molecules with their long axis parallel to the substrate surface. It is assumed that this particular film growth is stabilized
by lateral electric fields existing on the surface of the freshly
cleaved mica substrate.2
Muscovite mica is a layered aluminosilicate with the
formula KAl2 (AlSi3 O10 )(OH)2 . Each layer is composed of
a sub-layer of octahedrally coordinated Al3+ ions, which is
sandwiched between two tetrahedral silicate layers with vertices pointing toward the octahedral layer, and a layer of
potassium.8 In the silicate layers some of the Si4+ ions are
replaced by Al3+ ions (with a ratio of 3:1), creating negatively charged areas. These negative charges are compensated
by the K+ counterions. Cleavage is known to take place along
the potassium layers. After the cleavage, half of the potassium
ions are assumed to be left on each surface. Between the K+
ions and the negatively charged sites of the Al3+ substituent
dipoles are generated, leading to dipole fields with components parallel to the surface.9, 10
Recently, it has been shown that a modification of the
freshly cleaved mica surface in vacuum, either by carbon deposition or by argon sputtering, changes the layer growth of
para-hexaphenyl (6P) dramatically.11–13 Instead of forming
needle-like islands, which are composed of lying molecules,
the film morphology changes to dendritic islands, which are
a) Electronic mail: a.winkler@tugraz.at.
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composed of standing molecules. It was argued that the surface modifications destroy the lateral dipole fields and thus
weaken the attractive forces between the 6P molecules and
the substrate.
In this work, we focus on the role of surface potassium on
the layer growth of 6P on muscovite mica. It is assumed that
after cleavage in air half a monolayer of potassium remains
on the surface. However, since no superstructure can be observed in low energy electron diffraction (LEED), potassium
is apparently randomly distributed. In recent atomic force microscopy (AFM) investigations it was found that actually domains with and without potassium exist on the mica surface,
resulting in positively and negatively charged areas.14 Furthermore, carbon was observed on air cleaved mica. It was
argued that this is the result of the adsorption of carbonaceous
gases, CO, CO2 , CH4 , and their reactions with H2 O.15–18 Nevertheless, this type of surface leads to the pronounced needlelike island growth of rod-like molecules, as long as the mica
substrate is immediately installed into the vacuum chamber
after cleaving. Here we will demonstrate that by evaporation
of potassium under ultra-high vacuum (UHV) conditions a
full monolayer of potassium can be created on the mica surface, which is stable up to 1000 K. On such a surface, the layer
growth of 6P again changes from needle-like islands, composed of lying molecules, to weakly dendritic islands composed of standing molecules.

II. EXPERIMENTAL

The experiments were performed in an ultra-high vacuum
chamber with a base pressure of 1 × 10−10 mbar. The chamber was equipped with an Auger electron spectrometer, a mass
spectrometer, an Ar+ ion gun, facilities for the evaporation of
6P and potassium, and a quartz microbalance. The mica(001)
samples (10 × 10 × ∼0.01 mm3 ) were prepared by cleaving a
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mica sheet with the help of adhesive tape in air. The mica samples were attached to a steel plate via tantalum clamps, which
could be heated resistively, and immediately installed into the
UHV chamber. The temperature was controlled by a Ni–NiCr
thermocouple spot-welded to the back of the steel plate. This
allowed a controlled heating of the steel plate and hence of
the mica sample for thermal desorption spectroscopy, typically with heating rates of 1 K/s. With additional LN2 cooling, the temperature of the steel plate could be varied between
100 K and 1000 K.11 Unfortunately, a considerable temperature difference existed between the front mica surface and the
heating plate, due to the low heat conductivity of mica normal to the (001) plane.19 A calibration of the temperature can
be performed by comparing the multilayer peak maximum of
desorbing 6P and potassium from mica with that for desorption from the steel plate (see below). 6P was evaporated from
a stainless steel Knudsen cell, whereas potassium was evaporated from an SAES getters alkali metal dispenser.20 For
thermal desorption spectroscopy a multiplexed quadrupole
mass spectrometer (QMS) (0–200 amu) was used. Instead of
the mass of the 6P molecules (m = 458.6 amu) the mass
m = 61 amu was measured, because it was shown that this
is the largest signal of the cracking pattern in the QMS.21
For potassium desorption the mass spectrometer was tuned to
m = 39 amu.
For the quantitative determination of the 6P film thickness a quartz microbalance was used, which was positioned
next to the sample. The reliability of this device was checked
in two ways: (a) by comparing with corresponding AFM images of sub-monolayer films of standing molecules and (b) by
thermal desorption spectroscopy, as outlined in more detail
elsewhere.11 After the in situ preparation and characterization
of the 6P films on the potassium modified mica, the samples were investigated ex situ by AFM in the tapping mode
(Nanosurf, EasyScan2).

J. Chem. Phys. 137, 134701 (2012)

FIG. 1. Auger spectrum of the freshly cleaved and immediately installed
muscovite mica, after heating to 1000 K in UHV, taken at 300 K. In addition to the expected elements Si, O, K, still some carbon contamination is
observed. The ratio of K252/O510 is always about the same, 1.0 ± 0.1, indicating that about 1/2 ML remains on each freshly cleaved mica surface.

the residual carbon by sputtering, because it is known that
this procedure already influences the 6P layer growth on mica
(001) dramatically,11 and hence would blur the effect of potassium adsorption.
The aim of this work was to elucidate the influence of
potassium on mica on the 6P layer growth. For this purpose
first the adsorption/desorption behavior of K on mica was
studied. On a freshly cleaved mica surface several monolayers of potassium were deposited at a substrate temperature of
110 K. Subsequent heating of the sample leads to desorption
of potassium, however, some part of the deposited potassium
remains on the surface after the first adsorption/desorption cycle, leading to a saturation potassium coverage which is stable
up to 1000 K. This can be seen in Fig. 2 where three subsequent desorption spectra are depicted. The first spectrum is

III. RESULTS AND DISCUSSION
A. Potassium adsorption and desorption from mica

Freshly air cleaved mica, when immediately installed
into the UHV chamber, always contains some carbon on the
surface. The amount of adsorbed carbon differs somewhat for
different samples, apparently due to changing environmental
conditions during air cleavage. It was argued that the carbon
contamination is due to adsorption and decomposition of carbonaceous gases, depending on the humidity.15–18 Heating of
the sample to 1000 K decreases the carbon signal slightly,
but it cannot be removed completely. The amount of potassium and the other constituents in the surface near region
(oxygen, silicon, and aluminum) do not change significantly
upon heating. In particular, the potassium amount on the surface was found to be quite reproducible, showing an Auger
ratio of K252/O510 ≈ 1.0 ± 0.1 (Fig. 1). This is an indication that indeed always about the same amount, i.e., half
of a potassium layer, remains on both sides of the freshly exposed mica surfaces after cleaving. The carbon contamination
can be removed easily by Ar+ ion sputtering (800 V, 10 min,
5 × 10−6 mbar Ar). However, we abstained from removing

FIG. 2. Three subsequent thermal desorption spectra of potassium, starting
with a freshly cleaved mica surface. In all cases the same amount of potassium (about 2 ML) was deposited at 110 K. The first spectrum (red) is significantly smaller than the subsequent spectra (black, dashed blue) demonstrating that some potassium deposited on freshly cleaved mica remains on the
surface after heating to 1000 K.
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FIG. 4. TDS of potassium obtained after deposition of always the same
amount of potassium at different base pressures. Note the logarithmic y-scale.
The desorption peak at 350 K stems from metallic potassium, whereas the
peaks at higher temperature are due to the decomposition of potassium
compounds.

FIG. 3. Auger spectra after several potassium adsorption/desorption cycles
on mica and heating to 1000 K (magenta), in comparison to that of the
freshly cleaved mica (black). (a) Potassium layer prepared at 2 × 10−10 mbar.
(b) Potassium layer prepared at 1 × 10−9 mbar.

significantly smaller than the subsequent spectra, demonstrating that some potassium remains on the freshly cleaved mica.
All following spectra are identical within the experimental error, indicating that all adsorbed potassium (besides the stable
monolayer) can be desorbed again.
The Auger spectrum of the K covered mica surface after
several adsorption/desorption cycles, and heating to 1000 K,
is shown in Fig. 3(a), in comparison to the spectrum of the
freshly cleaved mica surface. Within the experimental error
the K-Auger signal has doubled after this procedure, indicating that indeed the saturation layer is a full monolayer of
potassium. Due to the attenuation of the substrate signal the
Auger ratio changes to K252/O510 ≈ 4.0 ± 0.2 in this case.
From the difference of the desorption spectra area between
the first and second adsorption/desorption cycle (which can
be attributed to 1/2 monolayer (ML) of potassium) (Fig. 2),
one can calibrate the thermal desorption spectra for potassium. From the known surface unit cell for mica (a = 5.2 Å,
b = 9.0 Å), which contains 2 K atoms, one can attribute
1 ML of K on mica to 4.2 × 1014 K-atoms/cm2 . In this
way we have a correlation between the thermal desorption

spectroscopy (TDS) area (difference) and the corresponding
(1/2 ML adsorbed) K atoms. This correlation can be used to
calibrate the desorbing amount of thicker (metallic) K films
by TDS.
The formation of one stable monolayer of potassium by
adsorption/desorption is only possible under good ultra-high
vacuum conditions (p ≈ 10−10 mbar). At higher residual pressure (p > 10−9 mbar) more potassium remains on the surface after several potassium adsorption/desorption cycles and
heating to 1000 K (Auger ratio K252/O510 ≈ 6.5 ± 0.2)
(Fig. 3(b)). This is most probably due to the reaction of potassium with residual oxygen or water, which may lead to highly
stable Kx Oy 22 or KOH23 species. We conclude this because
no other species were observed in the Auger spectrum, and
the oxygen signal did not decrease, in spite of the increased
potassium signal.
This assumption is also supported by thermal desorption
spectroscopy. Figure 4 shows desorption spectra of potassium
after always the same potassium amount was deposited (2 ML
equivalents), but at different base pressure. The various base
pressures were adjusted by intentionally leaking air into the
baked UHV chamber. Only in the 10−9 mbar pressure range
and below, pure potassium desorption (from the metallic multilayer) can be observed, which is expected to take place at
about 350 K.24–26 However, at and above 2 × 10−8 mbar no
potassium desorbs in the temperature range where desorption
of pure potassium is expected. There exist only small desorption peaks (note the logarithmic y-scale) at higher temperature, which are most probably due to cracking products
of more stable potassium containing compounds. Indeed, the
desorption peak at 550 K (Fig. 4) has been identified by several authors27, 28 to be due to decomposition of KOH. With
XPS and UPS it has also been shown that KOH on Pt(111)
decomposes around 600 K.23
Figure 5 shows a set of desorption spectra for potassium
with different amounts of K deposited on the mica surface
at a residual pressure of 2 × 10−10 mbar at 110 K, containing 1 ML (non-desorbable) potassium. The appearance of two
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FIG. 5. Series of thermal desorption spectra of potassium from mica(001),
for different adsorbed amounts (deposition times). Adsorption temperature:
110 K, heating rate: 1 K/s. The peaks at 350 K stem from desorption from
the tantalum clamps, only the second, larger peaks are due to multilayer desorption from mica. No monolayer desorption can be observed.

desorption peaks (as already observed in Fig. 2), is an experimental artifact: Due to the bad heat conductivity of mica
normal to the (001) plane the actual temperature at the front
mica surface lags behind the temperature of the steel plate,
on which the thin mica sheet is clamped via tantalum foils.
The first peak stems from potassium desorbing from the tantalum clamps, which can be assumed to have the same temperature as the steel plate. Only the second, larger peak stems
from desorption from the mica surface. We have checked this
behavior by thermal desorption spectroscopy of K multilayers (as well as 6P multilayers) which were directly deposited
onto the steel plate. The corresponding desorption spectra are
shown in Fig. 6(a) for potassium and in Fig. 6(b) for parahexaphenyl, respectively. From these spectra, which show a
clear zero order desorption behavior, as expected for multilayer desorption, one can derive the heat of evaporation Ed
from the slope in the plot ln R vs. 1/T, according to the
Polanyi-Wigner equation.29 We derive for potassium Ed = 0.7
± 0.1 eV and for 6P Ed = 2.2 ± 0.2 eV. These values agree
very well with literature data for K (Ed = 0.8 eV)30 and 6P
(Ed = 2.4 ± 0.1 eV).31 Furthermore, by comparing the desorption peaks for potassium from the tantalum clamps and the
mica surface, the actual temperature of the mica surface can
be calibrated. In this work, all TDS for potassium from mica
are depicted in the uncorrected form. However, for 6P the TD
spectra are temperature corrected, for better comparison with
previous work.11
Unfortunately, with TDS we cannot determine if the
metallic K-multilayer grows layer-by-layer or island like.
Auger electron spectroscopy (AES) could in principle be used
to discriminate between these two growth modes, but in the
case of K on mica strong charging effects did not allow these
measurements above the 1 ML limit. But there is general
agreement in the literature that potassium tends to form islands on non-metallic substrates.26, 32
With respect to the of potassium monolayer on mica one
has to emphasize that the monolayer is so strongly bound that

FIG. 6. (a) TDS of potassium from the steel plate sample holder. Tads : 110 K,
heating rate: 1 K/s, adsorbed amount: 2.9 nm mean thickness. (b) TDS of 6P
from the steel plate sample holder. Tads : 110 K, heating rate: 1 K/s, adsorbed
amount: 5 nm mean thickness.

it cannot desorb (up to 1000 K), unlike for potassium desorption from metal surfaces, e.g., from nickel24 or silver,25
where monolayer desorption over a broad temperature range
between 400 K and 1000 K is observed.

B. Adsorption/desorption of hexaphenyl
on potassium covered mica(001)

The adsorption and film growth of 6P on freshly cleaved
mica has been extensively investigated,1–4 showing that
needle-like islands form which consist of lying molecules.
It has also been shown that a modification of the surface, either by sputtering or by contamination with carbon
leads to a totally different layer growth: islands consisting of standing molecules are formed.11 So far it was not
clear to which extent the potassium coverage on the surface influences the layer growth of 6P. For this purpose
we have prepared stable potassium coverages on the freshly
cleaved and non-sputtered mica surface, as described above,
and subsequently para-hexaphenyl was deposited at 110 K.
We have previously shown that thermal desorption spectroscopy is a powerful tool to figure out whether or not a
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FIG. 7. TD spectra of 6P desorbing from freshly cleaved mica (black) and
potassium covered mica (red). Adsorption temperature: 110 K, adsorbed
amount: 3 Å mean thickness, heating rate: 1 K/s. While on freshly cleaved
mica desorption from a strongly bound wetting layer (570 K) can be seen, no
such desorption is observed on the potassium covered surface.

strongly bound wetting layer is formed before multilayer
growth starts.11, 21, 31 In Fig. 7 the (temperature corrected)
thermal desorption spectrum of a 3 Å thick 6P layer on
freshly cleaved mica is compared with that on a potassium
covered mica surface. The desorption peak at 570 K for the
freshly cleaved mica can be attributed to the wetting layer,
and the peak at 490 K stems already from some multilayer
islands. On the potassium covered surface, in contrast, no
sign of a wetting layer is observed, similarly as on the sputtered or C contaminated mica surface.11 A series of desorption spectra with different initial 6P coverages, between 3 Å
and 15 Å, on the freshly cleaved and potassium covered surface are compiled in Figs. 8 and 9, respectively, supporting
the above made statements. A closer look at the “multilayer”
peak position in Figs. 8 and 9 reveals a shift of about 50 K.
The reason for that is that a film with a mean coverage of 15 Å
on the potassium covered surface is still a sub-monolayer

FIG. 8. Series of TD spectra for 6P from freshly cleaved mica(001), deposited at 110 K. Desorption from the monolayer (560 K) and the multilayer
(470 K) can clearly be distinguished. The peak at 325 K stems from desorption from the tantalum clamps. Heating rate: 1 K/s.

J. Chem. Phys. 137, 134701 (2012)

FIG. 9. Series of TD spectra for 6P from 1 ML potassium covered mica,
deposited at 110 K. There exists no monolayer desorption peak, only a multilayer peak is observed. The peak at 350 K stems from desorption from the
tantalum clamps. Heating rate: 1 K/s.

film of standing molecules, considering the length of the 6P
molecules of about 26 Å. Thus, the energy for removing 6P
molecules from the rim of the monolayer islands, composed
of standing molecules, is different to that from removing lying
molecules from multilayer needle-like islands.
The conclusions drawn from TDS have been verified by
AFM measurements. In Fig. 10(a) a 4 μm × 4 μm AFM image is shown, where a 6P film with 3 Å mean thickness was
deposited on the potassium covered mica surface. In this image three different types of island morphologies can be observed. Islands #1 are slightly dendritic and have a height of
about 26 Å, indicating islands of standing molecules. This can
be seen in the cross section (along the line a in Fig. 10(a)) over
several islands of the same type, as depicted in Fig. 11(a). Islands #2 have the shape of short needles with a width of about
50 nm and heights around 10 nm. A cross section along line b
in Fig. 10(a), containing such islands, is shown in Fig. 11(b).
These are apparently islands composed of lying molecules,
because their width and height is similar to that for 6P on
the freshly cleaved mica.4, 11 Apparently, there exist still some
areas on the mica surface which are not sufficiently covered
by potassium in order to induce the reorientation of the 6P
molecules into the upright position. Finally, there exist some
few islands (#3) which are nearly round shaped with diameters of about 180 nm and heights of about 30–50 nm (see
cross section Fig. 11(c)). Since the total amount of material
contained in these islands is not compatible with the mean
thickness of 3 Å 6P, we believe that these hillocks represent
Kx Oy or KOH compounds. Actually, for this experiment the
stable potassium layer was prepared at a residual pressure of
1 × 10−9 mbar, a pressure which is already high enough to
produce such potassium compounds, as described above. In
this particular case the Auger signal ratio K252/O510 was
about 5. The identification of these hillocks as being composed of potassium compounds is fostered by the observation
of similar structures in AFM images of the mica surface after
several potassium adsorption/desorption cycles, but without
the deposition of 6P.
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FIG. 11. Cross sections along the lines as depicted in Fig. 10(a).

FIG. 10. (a) AFM image (4 μm × 4 μm) of a mica(001) substrate, covered
with 1 ML of stable potassium and a 6P coverage with a mean thickness
of 3 Å (derived mode). Islands #1 are composed of standing 6P molecules,
with a height of 27 Å, islands #2 are composed of lying 6P molecules and
islands #3 can be attributed to be composed of potassium compounds. The
cross sections along a, b, and c are depicted in Figs. 11(a)–11(c). (b) AFM
image (1 μm × 1 μm) of a freshly cleaved mica(001) substrate, covered with
6P of 3 Å mean thickness (derived mode).

In order to highlight the influence of potassium on the 6P
layer growth we present a 1 μm × 1 μm AFM image of a 3 Å
6P film on freshly cleaved mica for comparison (Fig. 10(b)).
This film is composed of small short needles composed of
lying molecules, as can be deduced from cross sections, which
show heights between 5 and 10 nm. There is no evidence of
any round dendritic islands of monolayer height (2.6 nm). We
have recently focused on this particular film and have shown
that in this case the islands are the result of dewetting of the
3 Å thick wetting layer upon venting the system.33

Finally, we have also measured the surface roughness of
the freshly cleaved mica surface and the 1 ML K covered
mica surface. The line roughness Ra was determined along
distances of 250 nm and the area roughness Sa on areas of
0.06 μm2 , which give similar results within the margin of error. On a freshly cleaved surface, the roughness is extremely
small and varies between 0.5 Å and 3 Å, depending on the
measured site on the surface. This is also true for the uncovered areas of the freshly cleaved substrate after 3 Å 6P deposition (Fig. 10(b)). On the 1 ML K covered surface (Fig. 10(a))
the roughness is 4–5 Å, demonstrating the increased roughness due to K adsorption. Interestingly, the roughness on top
of the islands, composed of standing molecules, is even somewhat smaller, probably due to the softness of the 6P film
(Fig. 11(a)).
IV. SUMMARY AND CONCLUSIONS

Freshly cleaved mica, which is frequently used as a substrate for thin film growth studies, contains half a monolayer of potassium on the surface. On such a surface, when
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immediately installed into the deposition chamber, 6P forms
needle-like islands which are composed of lying molecules.
Deposition of additional potassium on the freshly cleaved
mica surface under ultra-high vacuum condition (10−10 mbar)
leads to a full monolayer of potassium, which is stable
up to 1000 K. Additional potassium desorbs at around
350 K from the surface. Deposition of 6P on a mica surface containing 1 ML of stable potassium leads predominantly to islands composed of standing molecules. Only
few needle-like islands can be observed, which demonstrate
that the potassium monolayer is not uniform. The reason
for the reorientation of the 6P molecules is a weakening
of the interaction between the 6P molecules and the mica
substrate. The potassium coverage acts in a similar way
as the carbon contamination of mica or the amorphisation
of the surface due to sputtering.11 It has to be assumed
that in all cases the existing dipole induced lateral electric
fields, which stabilize the lying molecules on the freshly
cleaved mica surface, are disturbed and hence the energetically more favorable vertical orientation of the molecules is
preferred.
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Para-hexaphenyl (6P) molecules were deposited in the submonolayer range on a sputter- modified muscovite
mica(001) surface by physical vapor deposition under ultrahigh vacuum conditions. The ultrathin films were
investigated in situ by thermal desorption spectroscopy and ex situ by atomic force microscopy. On the sputtermodified amorphous mica surface the 6P molecules form two-dimensional islands of standing molecules. From
the island size and capture zone distribution, as well as from the island density as a function of deposition
rate and substrate temperature, all relevant parameters, characterizing the nucleation process, could be deduced.
The critical island size was determined to be two and/or three molecules. The preexponential factor for surface
diffusion of the monomers was determined to be 2 × 1017 s−1 . The binding energy of a critical nucleus with i = 3
was found to be 1.5 eV, using the calculated value of 0.02 eV for the diffusion energy barrier. This is in good
agreement with our calculations of the binding energy for a critical cluster consisting of three lying molecules.
Furthermore, the calculations show that the critical clusters are lying flat on the surface; they transform into islands
of standing molecules only after the incorporation of further molecules. The shape of the islands is slightly
dendritic at low surface temperature and becomes more dendritic with increasing temperature. This unusual
behavior, which is the opposite of the frequently observed temperature dependence of metal islands, is also
discussed in some detail.
DOI: 10.1103/PhysRevB.83.075423

PACS number(s): 68.55.A−, 68.37.Ps, 68.43.Jk, 81.15.Aa

I. INTRODUCTION

Organic thin films have attracted enormous interest in
recent years due to their importance for organic electronics.1–3
Electronic devices based on organic materials have already
entered the market, for example, for displays, light-emitting
diodes, transistors, solar cells, sensors, etc. Nevertheless, there
is still a considerable lack in the basic understanding of film
formation, in particular with respect to the initial stages of layer
growth.4 The question of whether the well-known models for
inorganic film growth, mainly for metallic films,5 can also
be applied to the nucleation and growth of films consisting
of large organic molecules arises. Although there is ample
evidence that this might be the case,6–8 experimental data that
show a quite peculiar and different nucleation behavior for
large organic molecules also exist.9 The objective of this work
is to shed some light on the initial stages of the layer growth of
organic materials, using the example of para-hexaphenyl (6P)
on muscovite mica(001) as a model system.
A large amount of literature exists on the fundamentals of nucleation and growth of inorganic thin films, and
comprehensive overviews were given inter alia by Venables
et al.,5,10 Brune,11 and Michely and Krug.12 Rate equations
for the individual processes during film formation—namely
adsorption, diffusion, and desorption of the monomers, as
well as the formation and disintegration of clusters—can be
formulated, leading to relationships of the nucleation rate
and island density as a function of the external parameters
temperature and deposition flux. In this context, the critical
island size is of importance, which is defined as the largest
unstable island (cluster) that becomes stable upon the addition
1098-0121/2011/83(7)/075423(10)

of just one more atom (molecule). The critical size depends on
the interatomic (intermolecular) forces between the monomers
of the film material and the substrate atoms. This quantity is
critical for the further film growth and the final film structure
and morphology. Thus, the evaluation and possibly the
manipulation of the critical island size are of great importance.
There also exists a strong correlation between the critical island
size and the island-size distribution in the aggregation regime,
which obeys a scaling law.13,14 Island-size distributions can be
determined rather easily with common experimental methods,
for example, by atomic force microscopy (AFM) or scanning
tunneling microscopy (STM), making such investigations
indispensable to reveal the fundamentals of layer growth.
Most of the organic molecules frequently used for organic
electronic devices can be categorized either as platelike
(for example, phthalocyanines, porphyrins, etc.) or rodlike
(for example, acenes, phenylenes, etc.) molecules. The film
formation is naturally quite different for the individual groups
of molecules. Here, we will focus on the rodlike 6P molecules
because this material can be used inter alia for blue lightemitting diodes15 and nano-optics devices.16 There is only a
small amount of literature available concerning the nucleation
of such molecules on surfaces.9,17 More frequently investigated is another group of rodlike molecules, namely pentacene
(5A), mainly deposited on SiO2 .4,7,18–27 This material is
preferentially used for organic transistors because of its high
electric mobility. A comparison of the existing literature
shows that the morphology of ultrathin films of 6P and 5A
molecules is quite similar. One puzzling result observed was
the temperature dependence of the island shape of 6P9 and
5A7 molecules on SiO2 , and of hexathiophene (6T) on the
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(100) surface of a 6T single crystal.8 In all these cases
the island shape changed from compact at low temperature
to dendritic at higher temperature. This is the opposite of
the frequently observed results for metal-atom deposition,
where at low temperatures the islands are dendritic and
only become compact with increasing temperature.11,12 The
reason for this is that at low temperature the atoms, which
diffuse to an existing stable island, just hit and stick, without
further diffusion along the rim of the island. This scenario
is described by the classical diffusion-limited aggregation
(DLA) model.28 With increasing temperature, diffusion of the
adatoms along the island edges and even crossing the corners
of the islands becomes possible, leading to thermodynamically
stable, compact island shapes. It seems that for large organic
molecules this growth scenario cannot be applied. Another
feature sometimes observed is a bend in the Arrhenius-type
plot of the island density vs the inverse substrate temperature.
This behavior has been interpreted in various ways. Some
authors attributed this to a change of the critical island
size,24 others described it as being due to a change from
complete condensation to initially incomplete condensation,23
and others finally made a change of the nucleation mechanism
responsible for this behavior.9
In this work, we focus on the nucleation and submonolayer
growth of 6P on a modified mica(001) surface, which has been
amorphized by Ar+ ion sputtering. The 6P film formation on
as-received mica(001) (typically produced by cleaving a mica
sheet) has been intensively studied by several groups.29–33 The
main observation was that in this case the rodlike molecules
first form a wetting layer of flat-lying molecules, and on
top of this layer, needlelike islands that are also composed
of flat-lying molecules grow (Stransky-Krastanov growth).
Recently, we discovered that a modification of the mica
surface by gentle sputtering or by covering the surface with
a submonolayer of carbon results in a totally different growth
behavior. On such a modified surface no wetting layer exists
and the molecules start to form mounds consisting of standing
molecules (Vollmer-Weber growth).17,33 We use this system,
which can be seen as a model system for organic film growth on
a weakly interacting substrate, to investigate the fundamental
parameters of nucleation in a comprehensive manner. We
determine the island-number density as a function of the
deposition rate and surface temperature over a wide range,
as well as the island-size and capture zone distribution. This
allows the evaluation of the critical island size, the frequency
factor for surface diffusion, and the binding energy of the
critical nuclei. These results are supported by molecular
dynamics calculations of the energy and structure of the critical
islands. In particular, we will figure out if the nucleation of
large, rodlike organic molecules can be described in a similar
way as the nucleation of single atoms.

chamber. The base pressure of the vacuum chamber after
bakeout was 1×10−10 mbar, but typically the experiments were
performed without baking the system, resulting in a working
pressure of about 2 × 10−8 mbar. It was verified experimentally
that these vacuum conditions did not lead to any degradation
of the prepared films. The thin mica sheets were attached to
a steel plate via tantalum wires, which was heated resistively.
The temperature was controlled by a Ni-NiCr thermocouple
spot-welded to the back of the steel plate. This allowed a
controlled heating of the steel plate and hence of the mica
sample for thermal desorption spectroscopy (TDS), typically
with heating rates of 1 K/s. With additional LN2 cooling,
the temperature of the steel plate could be varied between
100 K and 1000 K. Unfortunately, a considerable temperature
difference existed between the front mica surface and the
heating plate, due to the low heat conductivity of mica normal
to the (001) plane. However, a calibration of the temperature
can be performed by comparing the multilayer peak maximum
of desorbing 6P from mica with that from the tantalum
fixation wires, as described in more detail elsewhere.33 For
thermal desorption spectroscopy a multiplexed quadrupole
mass spectrometer (QMS) (0–500 amu) was used. In addition
to the mass of the 6P molecules (m = 458.6 amu) typically
the mass m = 61 amu was measured, because this showed the
largest signal of the cracking pattern in the QMS. Furthermore,
it was verified that no cracking of the 6P molecules occurred
at the surface.
For the quantitative determination of the 6P film thickness a
quartz microbalance that was positioned next to the sample was
used. The reliability of this device was checked in two ways:
(a) by comparing with corresponding AFM images of submonolayer films of standing molecules and (b) by thermal desorption spectroscopy, as outlined in more detail
elsewhere.33 Typically, evaporation rates of about 0.02 monolayers (ML)/min were applied. For the modification of the
mica surface to obtain exclusively layers with standing 6P
molecules, the surface was sputtered for about 10 min by Ar+
ions with 600 eV at an argon partial pressure of 5 × 10−5 mbar.
The result of this procedure was verified by TDS: 6P desorbing
from the freshly installed mica surface exhibit two desorption
peaks, indicative of desorption from the multilayer and desorption from the more strongly bound wetting layer. In contrast, 6P
desorption from the modified mica surface does not show the
wetting layer peak.33 Auger electron spectroscopy and x-ray
photoelectron spectroscopy (XPS) were used to check the
chemical composition of the mica substrate. After the in situ
preparation and characterization of the 6P films on mica, the
samples were investigated ex situ by atomic force microscopy
in the tapping mode (Digital Instruments MultiMode IIIa), using PPP-NCHR cantilevers from NanoSensors with 300-kHz
resonance frequency, guaranteed tip radius <8 ± 2 nm, and an
opening angle of 10◦ .

II. EXPERIMENTAL DETAILS

Ultrathin films of 6P were deposited on muscovite
mica(001) samples in an ultrahigh vacuum (UHV) chamber
by physical vapor deposition (PVD) from a homemade glass
Knudsen cell. The mica(001) samples (10 × 10 × ∼0.01 mm3 )
were prepared by cleaving a mica sheet with the help
of adhesive tape and immediately installed into the UHV

III. THEORETICAL METHODS

The structure and the energetics of 6P islands containing
up to 20 molecules were obtained by molecular dynamics
simulations using the simulated annealing method. Since the
interaction of the 6P molecules with the sputter-modified
mica(001) surface is difficult to capture in such an atomistic
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approach, the substrate was replaced by a 6P(001) surface
that corresponds to a standing 6P film ensuring the desired,
relatively weak molecule/substrate interaction. Implications
of the simplified treatment of the substrate will be discussed
below. Molecular dynamics simulations were performed using
Allinger’s MM3 force field34–36 and the TINKER code.37 The
6P(001) surface was simulated by a supercell employing
periodic boundary conditions. The surface unit cell was taken
to be 12 × 8 6P(001) except for the largest clusters containing
12, 16, and 20 lying molecules, for which the substrate surface
was increased to 20 × 14 (n = 12) and 25 × 15 (n = 16, 20),
respectively. A vacuum distance of 100 Å was chosen in the
direction perpendicular to the surface.
The equilibrium structure of 6P islands containing
n molecules adsorbed on the 6P(001) surface was obtained
by using the simulated annealing technique as implemented
in TINKER’s program “anneal.” Following a 100-ps molecular
dynamics equilibration step at a temperature of 400 K, the
system temperature was decreased to 0 K with a linear cooling
rate of 2 K/ps. Dynamic trajectories were propagated by a
modified Beeman’s integration algorithm37 with a time step
of 1 fs. The whole procedure was repeated several times
with different initial molecular arrangements to ensure stable
results for the predicted cluster geometries and corresponding
binding energies. In particular, two sets of data corresponding
to “lying” and “standing” 6P islands, respectively, were
obtained by choosing initial configurations with parallel and
perpendicular orientations of the long molecular axes with
respect to the substrate surface.
The binding energy of an island containing n 6P molecules
is defined as the energy required to break the island into
n 6P monomers adsorbed on the substrate. Islands consisting
of 1, 2, and 3 “standing” 6P molecules were found to be
unstable, that is, after a finite simulation time (typically
within the first 5 ps) they were transforming into the lying
configurations. Therefore, to obtain the energy of these
“unstable” configurations, we optimized the cluster shapes
by using the local minimization technique as implemented in
TINKER’s “optimize” routine. As above, the simulations were
performed several times for different starting configurations.
The rms gradient cutoff criterion of 0.01 was used as a stopping
criterion for the minimization procedure. Lower values of the
criterion led, as in the case of molecular dynamics, to the lying
cluster orientations.

IV. RESULTS AND DISCUSSION
A. Coverage dependence of film formation and
island-size distribution

In Fig. 1(a)–1(d) selected AFM images of 6P submonolayer
films on amorphous mica(001) are presented as a function
of the coverage  ( = 0.08, 0.32, 0.60, and 0.98 ML,
respectively), prepared at room temperature with an evaporation rate of 0.02 ML/min. In all cases cross section
measurements revealed island heights of about 2.5 nm. In
Fig. 1(d) already some second-layer islands of the same height
were observed. This demonstrates that the islands consist of
standing molecules, most probably arranged as in the 6P(001)
plane, where the molecules with a van der Waals length

FIG. 1. (Color online) AFM images (10 μm × 10 μm, z-scale:
5 nm in (a-c), 10 nm in (d)) which show the coverage dependence
of 6P on amorphous mica: (a) 0.08 ML, (b) 0.32 ML, (c) 0.60 ML,
(d) 0.98 ML. T = 300 K. Deposition rate: 0.02 ML/min. The height
profiles shown are taken from the lines indicated in the corresponding
AFM images. In images (d)already coalescence and second layer
growth is observed.

of 2.85 nm are inclined by 17◦ with respect to the (001)
plane.31,38 The coverage, the island density, and the island-size
distribution can easily be determined from the AFM images
using appropriate software.39 In all the following evaluations
of the island density and island-size distribution typically
five AFM images from different sample areas were used for
averaging, if not stated otherwise. From a series of AFM
images as a function of coverage (including those in Fig. 1), we
determined the aggregation regime (where the island density
remains nearly constant) to be between 0.2 and 0.7 ML.
Above 0.7 ML coalescence of the 2D islands and island
formation in the second layer already starts [1 ML ≡ molecule
density in the 6P(001) plane: 4.4×1014 molecules/cm2 ]. The
saturation island density for the given experimental conditions
(T = 300 K, R = 0.02 ML/min) amounts to ni ≈ 2 mm−2 .
The shape of the islands is slightly dendritic, but becomes
more compact with increasing coverage.
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TABLE I. The constants ai and Ci in Eq. (2), for i = 1–6.

TABLE II. The constants aβ and bβ in Eq. (3), for β = 2–7.

i

ai

Ci

β

aβ

bβ

1
2
3
4
5
6

0.2715
0.2976
0.3086
0.3145
0.3182
0.3207

1.1091
1.9678
3.2385
5.1214
7.9036
11.9963

2
3
4
5
6
7

3.24
6.25
11.60
21.05
37.62
66.50

1.27
1.77
2.26
2.76
3.26
3.76

In the aggregation regime (between 0.2 and 0.7 ML) information can be obtained from the island-size distribution Ns .
According to the dynamic scaling assumption40 the scaled
island-size distribution fi (s/S) should be independent of
the coverage  and the mean island size S and should only
be determined by the critical island size i, which is defined as
the largest unstable island that becomes stable when just one
more particle is added:
fi (s/S) = Ns ()S 2 /,

(1)

with s being the island size and S the average island size.
Amar and Family13 proposed an analytical expression for
the scaling function in the form


fi (u) = Ci ui exp − iai u1/ai ,
(2)
with u = s/S and Ci ,ai defined by implicit geometrical
equations:
(iai )ai =

(iai )(i+1)ai
 [(i + 2) ai ]
, Ci =
.
 [(i + 1) ai ]
ai  [(i + 1) ai ]

(2a)

For the most realistic critical sizes i = 1 through 6 the values
Ci and ai are listed in Table I. In Fig. 2 the scaled island-size
distribution for different film thicknesses in the aggregation
regime ( = 0.22, 0.32, 0.60 ML) are shown and compared
with the scaling functions for different critical island size,
i = 1 – 6. The best fit, as obtained by a least squares method,
yields i = 3 ± 1.

FIG. 2. (Color online) Scaled island-size distribution for three
different coverages ( = 0.22, 0.32, and 0.60 ML) of 6P on modified
mica(001), and comparison with scaling functions for different
critical island size (i = 1–6), according to Eq. (2). T = 300 K.
Deposition rate R = 0.02 ML/min.

Pimpinelli and Einstein41 have recently proposed an alternative method where the critical island size can be derived from
the capture zone distribution. By capture zone one understands
the region of the substrate from which monomers are more
likely to diffuse to this particular island than to any other
in the system. The capture zones can be roughly described
by Voronoi polygons.42 It is assumed that the capture zone
distribution P can be described by a simple expression based
on the generalized Wigner surmise, that is, being the product
of a power-law rise and a Gaussian decay:
Pβ (s) = aβ s β exp(−bβ s 2 ),

(3)

where β = i + 2,43,44 s = v/V, v is Voronoi polygon size, V
is mean value of v, and aβ and bβ are constants fixed by
normalization and unit-mean conditions:
  


β + 2 β+1
β + 1 β+2
,

aβ = 2
2
2
 

 
β +1 2
β +2

bβ = 
.
(3a)
2
2
These values are listed for ß ranging from 2 to 7 in Table II.
In Fig. 3(a) the island-size distribution for a 0.19-ML film
prepared at 300 K with an evaporation rate of 0.04 ML/min
and in Fig. 3(b) the corresponding Voronoi tessellation is
presented. Figure 3(c) shows the capture-zone distribution
together with the calculated functions for i ranging from 0 to
5. The value of ifit = 2.8 was estimated from a direct fit using
the method of least squares with the Levenberg-Marquardt
algorithm. Thus, both methods can be applied equally to
determine the critical cluster size. It seems that the fits in Fig. 2
and Fig. 3(c) are quite different. There are several reasons for
that: First, for Fig. 2, as for all other data evaluation [except
that for Fig. 3(c)], AFM images were recorded at five different
areas on the surface close to all four corners and at the surface
center. On the one hand this procedure averages over a possible
surface inhomogeneity as well as over slightly different surface
coverages. On the other hand, it yields, however, the rather
large scattering of the data points in Fig. 2. For the application
of the capture zone method we recorded ten AFM images in
a small area in the middle of the sample surface. This leads
to the much better statistics in Fig. 3(c). Besides that, the fit
function as proposed by Einstein and Pimpinelli [Eq. (3)] gives
a better fit to the slightly asymmetric shape of the island-size
and capture zone distribution than the function as described in
Eq. (2).
According to the definition of the critical island size it
would mean that for i = 3, 6P tetramers would already be
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curves for the standing and lying clusters, respectively, thereby
modifying the cluster size where the transition from lying to
standing clusters occurs.
In Fig. 4 the binding energy En is plotted vs the cluster size
n, for clusters of lying molecules and of standing molecules,
respectively. The binding energy is defined as the cluster
energy minus the energy of n molecules adsorbed lying on the
surface. It can be seen that for small cluster size, in particular
for n < 4, the standing formation is completely unstable. For
4 < n < 14 the clusters consisting of standing molecules
are still energetically less favorable than those with lying
molecules, but they would be at least metastable with respect
to the isolated molecules. Only above n = 14 do the clusters
of standing molecules become more favorable. However, the
binding energy for the lying clusters strongly depends on
the molecule/substrate interaction, as discussed above, thus
the crossover could be at a somewhat different cluster size
for 6P on the amorphized mica surface. Nevertheless, from
these results we have to conclude that the critical clusters
(n = 2, 3) are still composed of lying molecules and that

FIG. 3. (Color online) (a) Island-size distribution of 6P on
amorphous mica: Coverage: 0.19 ML, T = 300 K. Deposition rate: 0.04 ML/min. (b) Corresponding Voronoi tessellation.
(c) Distribution of capture zones as shown in (b), and comparison
with the scaling functions, according to Eq. (3). The bin width was
optimized according to a model by Scott (Ref. 56).

stable entities. At this stage the question arises whether the
critical nuclei already consist of standing molecules or if they
are still composed of lying molecules, which would rotate
into the standing configuration only at a later stage. For this
purpose, we have calculated the binding energy E(n) of an
island containing n 6P molecules, which we define as the
energy difference between the n-molecule cluster adsorbed
on the substrate compared to the energy of n adsorbed, but
well-separated, lying 6P molecules. For the calculation we
have modeled the surface by the (001) plane of a 6P crystal.
Unfortunately, the atomic structure of the ion-bombarded mica
surface is not known, precluding a force-field simulation
of the 6P deposition on this substrate. The replacement of
the modified mica by the 6P(001) surface is rationalized as
follows: We were aiming at a reasonably simple substrate
surface with a rather weak molecule/substrate interaction since
this is a prerequisite for the appearance of the experimentally
observed standing islands. Here, 6P(001) was a natural choice.
We expect our simulation results, concerning the cluster shapes
of standing and lying islands, to be rather insensitive to the
exact nature of the substrate/molecule interaction as long as
it remains in this weakly interacting regime. Qualitatively, a
stronger substrate/molecule interaction will energetically favor
“lying clusters” due to the larger adsorption energy of lying
molecules compared to standing ones. On the other hand,
a weaker substrate/molecule interaction will favor islands
composed of standing molecules due to their lower surface
energy. Thus, tuning the strength of the substrate/molecule
interaction will result in a relative shift of the binding energy

FIG. 4. (Color online) 6P cluster binding energy on a 6P(001)
plane as a function of cluster size for clusters with standing and
lying molecules, respectively. The conformation of the stable clusters,
starting from standing (upper row) and lying molecules (lower
row), respectively, are depicted. For the lying clusters, an offset
of neighboring molecules is observed which is caused by the π -π
interaction of the aromatic molecules. The lattice mismatch with
the substrate causes that only a maximum of 4 molecules exhibit
this offset in the same direction. For the standing islands (top), the
molecular packing systematically adopts the bulk-like herringbone
formation with increasing cluster size.
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only after further island growth do the molecules switch to
the standing configuration. How this change proceeds in detail
is not yet clear, and only further molecular dynamic studies
could elucidate this process.

B. Deposition rate dependence of film formation
and critical island size

The saturation island density Nx in the aggregation regime
is a function of the deposition rate R and the surface temperature T. When complete condensation can be assumed, that
is, when desorption of the monomers can be ignored, then the
critical island size can be extracted from the saturation island
density as a function of the deposition rate. In order to verify
whether this condition is fulfilled for the present system, we
have measured the adsorbed amount of 6P on the amorphous
mica surface with the help of TDS as a function of the exposed
6P amount as obtained from the quartz microbalance. This
is compiled in Fig. 5 for substrate temperatures of 150, 300,
and 400 K. For surface temperatures of 150 and 300 K the
correlation is linear within the experimental error, indicating a
constant sticking coefficient. At 400 K, however, the sticking
coefficient is slightly smaller, in particular at an evaporated
amount of about 15 Hz. According to the calibration via AFM
images this corresponds to a coverage of slightly less than
one monolayer (inset in Fig. 5). This shows that for very
large islands some of the molecules already desorb before
they reach the island border, where they can be incorporated
by surmounting the Ehrlich-Schwöbel barrier, or before they
can form a new nucleus in the second layer. Nevertheless,
at low coverage, even in the case of 400 K nearly complete
condensation can be assumed.

FIG. 6. (Color online) AFM images (10 μm × 10 μm, z scales:
5 nm) that show the deposition rate dependence of 6P on amorphous
mica: (a) 0.021 ML/min, (b) 0.045 ML/min, (c) 0.117 ML/min,
(d) 0.481 ML/min, T = 300 K, coverage: 0.25 ML.

The saturation island density Nx in the aggregation regime
for a rectangular lattice can be described in the case of complete
condensation in the following form:5,45




Nx
4R i/(i+2)
iEd + Ei
,
(4)
= η(,i)
exp
N0
ν0 N0
(i + 2)kT
where N0 is the number of surface sites per unit area [4.4×1014
6P molecules·cm−2 in the 6P(001) plane], η is a weak function
of  and i, with η ∼ 0.2–0.3,5 R is the deposition rate, ν0 is the
attempt frequency for surface diffusion, Ed is the activation
barrier for diffusion, and Ei is the binding energy of the critical
cluster.
A plot of lnNx vs lnR for constant substrate temperature
and coverage allows the determination of the critical cluster
size i from the slope α0R , and the intercept with the y axis (y0R )
yields information on the energies involved:
i
,
i+2


iEd + Ei
4
i
+
ln
.
= ln(ηN0 ) +
i+2
ν0 N0
(i + 2)kT
αR =

y0R

FIG. 5. (Color online) Adsorbed amount of 6P on amorphous
mica(001), obtained by TDS, vs the amount of impinging molecules,
obtained by the frequency change of a quartz microbalance, for
various substrate temperatures: 150, 300, and 400 K. Deposition rate:
0.02 ML/min. In the inset an AFM image (8 μm × 8 μm) of a film
with an evaporated amount of 15 Hz at 400 K is shown, corresponding
to a coverage of close to 1 monolayer,

(5)
(6)

Figures 6(a)–6(d) show selected AFM images of 6P films
with a mean coverage of about 0.25 ML, prepared at 300 K with
different deposition rates. Qualitatively, the saturation island
density increases with increasing deposition rate, as expected.
In Fig. 7, the plot of lnNx vs lnR is depicted. From the slope of
the straight line (αR = 0.55 ± 0.05) a critical island size of i =
2.5 ± 0.5 can be obtained. This result is in good agreement with
the data obtained from scaling theory within the experimental
error. However, the evaluation procedure based on the variable
deposition rate is more accurate, and therefore the result of
the noninteger critical island size i = 2.5 has to be assumed
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FIG. 7. (Color online) Island density as a function of deposition
rate for 6P on amorphous mica. T = 300 K,  = 0.25 ML. The slope
corresponds to i = 2.5.

to be the more reliable one. This would mean that both trimer
(i = 2) and tetramer (i = 3) clusters of 6P molecules are
of similar stability. Actually, this feature is not implausible.
Compared to the clustering of single atoms, where a trimer is
a quite well-defined entity, a trimer of lying rodlike entities
can have a variety of different conformations. Thus, one can
imagine that a special arrangement of three 6P molecules
is already stable, whereas for another arrangement four
molecules are necessary to become a stable cluster. In fact,
it would be better to characterize the stability of a cluster by
its lifetime. If the lifetime of a special cluster is longer than the
time that elapses until a further monomer can be incorporated
in the cluster, then the cluster tends to be stable. A detailed
discussion of the critical island size can be found in Ref. 46.

C. Substrate temperature dependence of film formation
and nucleation parameters

According to Eq. (4), the saturation island density should
be influenced by the substrate temperature even more strongly
than by the deposition rate, because the temperature shows up
in the exponential term. Also from the experimental point of
view the substrate temperature can be varied over a wide range
more easily than the deposition rate. In Fig. 8 selected AFM
images of 6P films on amorphous mica(001) are shown as a
function of the substrate temperature, for mean coverages of
0.22 ML and deposition rates of 0.02 ML/min. Whereas up to
350 K [see also Fig. 1(b)] the number of islands and the islandsize distribution behave as expected, at 400 K a bimodal island
size distribution is observed [Fig. 8(d)]. Few large islands
with pronounced dendritic behavior are surrounded by small
islands of nearly identical size, as shown by the cross section
in Fig. 8(d). However, the existence of the small islands is not
well reproducible. There exist AFM measurements for films
grown under similar experimental situations, where only little
or no small islands can be observed. Actually, we believe that
these small islands are in some way correlated with not well
amorphized areas on the surface. Therefore, we will ignore

FIG. 8. (Color online) AFM images (10 μm × 10 μm, z-scale:
5 nm) which show the temperature dependence of 6P growth on
amorphous mica: (a) 150 K, (b) 250 K, (c) 350 K, and (d) 400 K.
Mean coverage: 0.22 ML. Deposition rate: 0.02 ML/min. The height
profile shown is taken from the line indicated in the AFM image of (d).

this feature for the following data evaluation, because their
contribution to the total coverage is not significant.
A plot of the island density as a function of temperature
in the form of lnNx vs 1/T is shown in Fig. 9. The most
pronounced feature is a bend in the straight lines around 300 K.
We will return to this point later. At the moment we want to
emphasize that there are strong indications that only above
300 K are the experimental conditions for diffusion-limited
aggregation fulfilled. Thus we will concentrate first on the
evaluation of this part of the slope. Again, useful information
can be gained from the slope αT and the intercept y0T with the
y axis:

y0T

iEd + Ei
,
(7)
αT =
(i + 2)k
 
i
4
i
i
−
ln
ln ν0 +
ln R.
= ln(ηN0 ) +
i+2
N0
i+2
i+2
(8)

Since the critical island size i is already known from Eq. (5),
the evaluation of ν0 is possible from Eq. (8).
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In addition, the combination of Eq. (5) through Eq. (8)
yields the following relationship:
y0R + αR ln R = y0T +

αT
.
T

(9)

Although this relationship does not yield new information on
the parameters contained in Eq. (4), it is a valuable measure
for the quality of the two independent experimental data sets
N(R) and N(T). Indeed, the evaluation of the graphs in Fig. 7
(αR = 0.55, y0R = 5.64) and Fig. 9 (high-temperature slope:
αT = 3.890 K, y0T = 6.45) yields an agreement within 2%
between the left- and right-hand sides of Eq. (9). (Note the
used units of cm2 and s for the evaluation of the graphs.)
For the low-temperature part of the slope, Eq. (9) is not
fulfilled with the same accuracy. Therefore we believe that for
temperatures below 300 K the conditions for diffusion-limited
aggregation are not fulfilled and a different physics is
responsible for the growth behavior (see below). One could,
of course, speculate whether a possible contamination in the
low-temperature regime might be responsible for this unusual
behavior. However, AES and XPS investigations did not
reveal any significant contamination. Besides the elements
contained in muscovite mica (Si, Al, K, O), only carbon was
detected. However, this carbon content remained the same,
within the experimental error, for all sample temperatures
used.
From Eq. (8) we can obtain the attempt frequency for
surface diffusion of the 6P monomers on the mica substrate
(which can be assumed to diffuse as lying molecules) of
ν0 = 2×1017±0.5 s−1 . This is a rather high value when compared
with typical diffusion frequencies of surface atoms in the order
of 1013 s−1 . However, this can easily be understood in the
context of transition state theory (TST).47 Within this theory
the preexponential factor (frequency factor) is interpreted as
the ratio of the partition functions of the particles in the
transition state for surface diffusion and in the adsorbed state:
ν0 =

kT Q⊕
,
h Q

(10)

FIG. 9. (Color online)
Island density of 6P on amorphous mica(001) as a function of temperature,  =
0.22 ML, R = 0.02 ML/min.

where Q⊕ is the partition function for all modes (translation,
rotation, vibration) of the transition complex (without that
of the reaction coordinate, which is kT / h ≈ 6 × 1012 s−1
at room temperature) and Q is the partition function of all
modes in the adsorbed site.48 It is obvious that only for
single-atom diffusion, where the partition functions are similar
in the adsorbed and the transition state, the hopping frequency
is close to 1013 s−1 . However, for large organic molecules
many more rotational and vibrational modes can be excited
in the transition state than in the adsorbed state and hence
the preexponential factor can be considerably higher. This
is similar to the desorption of large organic molecules from
surfaces, where also unusually large preexponential factors for
the desorption rate have been experimentally observed49–51 and
theoretically explained along TST.52 For example, a frequency
factor of 5.6 × 1025 s−1 has been measured for 6P desorption
from Au(111).53
From Eq. (7) we can only obtain information on the
combined energies Ed and Ei involved in the island formation.
However, we have recently calculated the diffusion barrier for
flat lying molecules which resulted in an activation energy
barrier for 6P diffusion of 0.02 eV.17 Taking this into account
we determine a binding energy of the critical 6P cluster of
Ei = 1.5 eV. From our calculations we obtain a cluster energy
for an adsorbed dimer with lying molecules (i = 2) of 0.74 eV
and for a trimer (i = 3) of 1.53 eV. (Note that in Fig. 4 the
cluster energies are given in eV/molecule.) By applying the
same evaluation procedures to the low temperature slope yields
completely unrealistic values of ν0 = 20 s−1 and Ei = 0.23 eV.
This is another strong indication that a different physics
governs the layer growth at low temperature.
Actually, a bend in the curves lnNx vs. 1/T has also been
observed by other groups. For the inorganic system Cu on
Ni(100)54 such a bend has been assigned to a change of the critical cluster size from i = 3 to i = 1 with decreasing temperature.
With respect to organic molecules such a behavior has been
described for pentacene on SiO2 ,24 pentacene on polystyrene23
and 6P on SiO2 .9 However, different explanations were given
for this particular behavior. Tejima et al. 24 attributed it also to a
transition of the critical island size from i = 3 to i = 2 at around
260 K. Ribic et al.23 explained the bend in their results as being
due to a transition of complete condensation into incomplete
condensation above 320 K. Finally, Yang et al. 9 proposed that
in their case a different growth mechanism exists below 330 K.
In this temperature range the impinging molecules should
be immediately freezing when they hit the surface, which
would lead to a metastable disordered film. Because of the
high surface free energy, however, the disordered film should
relax in the course of time to an energetically more favorable
state. This would explain the existence of the compact islands
formed at low temperature.
A thorough analysis of our data also brings us to the
conclusion that a different growth mechanism at low substrate temperature is the reason for the bend in Fig. 9. An
attempt to evaluate the data by assuming initially incomplete
condensation completely fails. Also an assumed change of
the critical island size in the low-temperature regime to
i = 2 or i = 1 leads to unrealistically high diffusion
energies for the lying monomers. Thus, we suggest that at low
temperatures the conditions for DLA are just not fulfilled and
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a different growth mechanism must be considered. However,
our explanation of the observed behavior is somewhat different
to that described by Yang et al.9 In particular we have
seen that the surface mobility of the 6P monomers is very
high, even at low temperature. From the diffusion energy
Ei ≈ 0.02 eV and the pre-exponential factor α0 = 2×1017 s−1 ,
the calculated hopping frequency ν at 150 K is still 4×1016 s−1 .
Thus, the formation of a frozen amorphous layer by a
hit-and-stick process is not reasonable in the temperature
range used.
We rather believe that the main issue in the nucleation
process of rodlike organic molecules is the kinetics of critical
nuclei formation. In the classical examples of metal film
growth the monomers are zero-dimensional objects. In the
case of a critical nucleus size i = 1, as frequently observed
for metal film growth, the encounter of two atoms will already
lead to a stable nucleus, independent of the relative impact
angle. Furthermore, it can safely be assumed that the capture
probability is unity, throughout the growth. However, for large
organic molecules the situation for critical cluster formation
and further growth is significantly different. It is known that
rodlike molecules will only bind when they are parallel to
each other. A head-on or T-shaped configuration would be
energetically unfavorable. Furthermore, it is known that the
rodlike molecules diffuse preferentially in directions parallel
to the long axis.55 This also decreases the probability that
two molecules would approach each other in a favorable
orientation. For the proper rotation into the favorable conformation an activation barrier has to be overcome, which is
only possible at sufficiently high temperature. It is obvious that
the capture probability will no longer be independent of the
orientation of the individually approaching molecules and is
most probably much smaller than unity (rotational hindering).
This effect of steric constraints for cluster formation results
in a much higher monomer density. In the classical DLA
film growth the monomer density is exceedingly small in the
aggregation regime, which leads to the formation of dendritic
islands via the hit-and-stick process at the island borders.
In the case of steric hindering of critical cluster formation
from flat-lying monomers, a supersaturated two-dimensional
monomer gas phase will develop. However, as soon as stable
clusters of lying molecules have been formed, which soon
afterwards transform into small clusters of standing molecules,
the probability for the incorporation of approaching molecules
into these clusters might be significantly increased, due to
less steric constraints. Consequently, a rapid condensation of
the supersaturated two-dimensional gas phase would occur,
leading to the observed compact islands. Further growth of
the islands in the aggregation regime, where the monomer
concentration is again quite small, would no longer change
their shape considerably.
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5. Summary
The organic molecules (6P, 5A) were deposited on sputter amorphized mica by physical
vapor deposition in ultra-high vacuum (UHV). A quartz microbalance was used to quantify
the deposited amount. Thermal desorption spectroscopy (TDS) was applied to obtain
information on the energetics and kinetics of adsorption, nucleation and desorption. Ex-situ
atomic force microscopy (AFM) was used to determine the morphology, island density and
island size distribution of the sub-monolayer films. Both types of molecules formed
islands, composed of standing molecules, on the sputter amorphized mica surface [P3, P6].
This is typical for organic film growth on weakly interacting substrates, e.g. on mica or
silicon dioxide, as frequently used in fundamental and application studies.
The first issue concerns the adsorption process. It is usually assumed in the literature that
organic molecules, at sufficiently low temperature, adsorb with a probability of one. We
could unequivocally demonstrate that this is not generally the case. The sticking coefficient
for 6P at low, sub-monolayer coverage is clearly smaller than for higher coverage. Also a
smaller sticking coefficient of 𝑠0 = 0.2 has been published for rubicene on SiO2 [19].
Another important issue is the nucleation process itself. It is nearly exclusively assumed
that film growth can be described by diffusion-limited aggregation (DLA). According to
the seminal paper by Venables et al. [1] the island density N can be described by a powerlaw function of the deposition rate R, N ~ Rα, with α = i/(i+2), i being the critical island
size. Thus, one can in principle determine i by preparing sub-monolayer films at different
deposition rates, counting the island density in the AFM image and plotting lnN vs lnR.
The slope of this line, which is predicted to be between 0.33 and 1, allows the calculation
of i. However, it turns out that for both, pentacene and hexaphenyl on amorphous mica,
these lines are bent and change from α = 0.7 to α = 1.3. The latter slope is inconsistent with
DLA, however, can be explained by so-called attachment-limited aggregation (ALA) [6,
20, P1]. In this case α = 2i/(i+3). One can easily understand why this is a reasonable
assumption for large organic molecules. On the one hand the diffusion coefficient is very
high, due to low diffusion barriers, but on the other hand it can be argued that the
incorporation of the molecules at the rim of the islands is sterically hindered because of the
necessary reorientation.
A further aspect is the accommodation of the molecules upon adsorption and prior to
nucleation. In the Venables model it is assumed that the molecules are instantaneously
equilibrated and perform random hops before nucleation. We could show that the
molecules may exist in a hot-precursor state after adsorption and move ballistically for
some time before full accommodation [3]. This process has been modelled through an
effective molecular temperature higher than the substrate temperature, which leads to a
bend in the plot of lnN vs 1/T. This explains some puzzling results of the literature
[P6, 19, 20]. The scaling of the island size distribution (ISD) and/or the capture zone
distribution (CZD) can also be used to determine i, but so far analytic functions for ISD [3]
and CZD [21] exist only for DLA. For CZD the scaling function is Pβ(s) = aβsβexp(−bβs2),
with ß= i+2. We have extended the CZD also to attachment-limited aggregation; for this
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case we obtain ß = (i+3)/2. Furthermore, we could prove that for compact islands the
“exponent equality” α·β = i holds, independent of the aggregation mechanism [P 4]. This
important finding should help experimenters to better characterize nucleation and growth
of thin films.
Another exciting issue is that atomic force microscopy (AFM) revealed a bimodal island
size distribution for the films on both surfaces [2]. On freshly cleaved mica long needlelike islands exist, which are surrounded by small crystallites. On the sputter-amorphized
substrates, large dendritic islands exist which are again surrounded by small, compact
islands. We could prove by thermal desorption spectroscopy that the small islands are the
result of adsorbate-induced subsequent nucleation, when the films were exposed to air. In
case of the freshly cleaved mica, islands grow on a wetting layer in vacuum. This layer
dewets and forms the small islands upon venting, due to the adsorption of water. In the
case of the amorphous mica substrate an equilibrium exists between the islands and a twodimensional gas phase in the sub-monolayer regime. Again, the latter phase nucleates after
venting. In a particular coverage range, islands due to nucleation during deposition and
subsequent nucleation coexist on the substrate, leading to the bimodal island size
distribution. Kinetic Monte Carlo (KMC) simulations were performed to model the
nucleation process after venting on the sputter-modified mica substrate. The density of the
subsequently nucleated islands just depends on the initial coverage and the critical island
size. A critical cluster size of i = 7 molecules was determined for 6P on amorphized mica,
by comparing the KMC results with the AFM images in case of adsorbate-induced
nucleation.
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