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CHAPTER 1
Introduction

Enabling novel applications and transformations of existing technology to further areas of
operation, the so-called Organic Electronics have gained enormous interest within the last
years. Providing efficient processibility at low energetic and monetary costs, especially a
lot of industrial companies have made great efforts to realize devices like organic solar cells
(OSC) [1, 2], organic field effect transistors (OFET) [3, 4] or organic light emitting diodes
(OLED) [5–7]. It may be expected that within the near future a lot of those applications
will conquer the markets, as the aforementioned properties as well as the nearly unlimited
availability of organic compounds and the well manageable specific control over organic
compounds to prepare new materials with desired properties render significant advantages
over inorganic compounds [8–11].

Nevertheless, still many fundamental uncertainties exist, of which clearance the industrial
research most probably cannot achieve due to its non basic-research, but more application-
related focus. To give an example, many organic compounds and therefore also devices that
consist of them undergo severe degradation effects, depending on the ambient conditions,
typically with critical influence of heat, humidity, oxygen atmosphere and radiation [12–16]
- which is obviously a significant issue for organic solar cells. Furthermore, the nucleation
process into the solid state of most organic compounds is quite complex and strongly
dependent on the preparation conditions. As the microscopic structure, as well as their
homogeneity and purity and their structural conformation - due to the highly anisotropic
characteristics of the compounds like the charge carrier mobility - strongly influence
potential device performance [17–20], the fundamental processes must be enlightened. For
that purpose, the analysis of organic thin films offers some advantages over the analysis of
organic single crystals. First, the preparation of the latter is very difficult, resulting in
very limited availability. Moreover, they typically exhibit rather strong absorption, which
complicates the application of many spectroscopic techniques. Thin films on the other
hand allow to circumvent these obstacles. Furthermore, by choice of ideal preparation
conditions, these can also be produced such, that they feature high crystalline order and
enable precise spectroscopic analyses with respect to the molecular geometry.
With higher complexity of targeted applications, typically the number of involved

compounds rises. For example in organic field effect transistors the device characteristic



2 1 Introduction

is not only determined by the properties of the organic material but also by those of
the deployed gate dielectric, the contacts and especially by the interfaces between those
[21–24]. In organic solar cells, the process of light absorption, charge-carrier generation
and transmission to extractable electric current requires two different organic compounds,
an acceptor material which offers high mobility for electrons and a donor material to
extract the holes produced by the exciton-generation. In this case, the question whether
or whether not a specific material combination works, is strongly determined by the way
the two materials intermix or separate from each other [25–27].

Throughout this thesis it has been tried to approach a number of these topics. Of course
it is neither possible to provide ultimate answers, nor to reproduce the exact configurations
of all possible material combinations. Therefore it was the aim of this work to find model
systems, which are simple enough to be understood but at the same time close enough to
real applications or fundamental questions to be of interest. The detailed, multi-technique
investigation of these model-systems allowed to find correlations for example between
preparation and sample structure, spectroscopic characteristics to one another and to
monitor the evolution of prepared systems under the variation of external parameters
like the temperature or the surface quality. The observation of these issues from different
points of view, as represented by different experimental set-ups and methods, allowed
to render complex and extensive images of the nanoscopic reality and at the same time
required the continuous alignment between the experimentalist’s view on reality and the
new, steadily increasing experimental results, which is probably the nature of fundamental
research.
As initial point for the selection of appropriate model systems, the well-known organic

semiconductor pentacene was chosen. As in many regards, extensive pre-studies are
available, it appeared as ideal object of comparison to study the effect of slight chemical
and structural variations on nano- and microscopic properties. Furthermore, pentacene
exhibits a comparably high charge-carrier-mobility for p-type charge carriers of more than
1 cm2/Vs [28] and is therefore frequently used in organic field effect transistors, which means,
that it is as prerequisited before, comparably close to commercial application.
The preparation and the characterization of these model systems often required the

advancement and redevelopment of experimental techniques to be sensitive for the specific
configuration. This is especially true for theoretical methods, that still struggle to describe
molecular solids accurately due to their complexity in form and the comparably weak and
long-ranging van-der-Waals that stabilize them. These methods of course require very
precise experimental data to be benchmarked and readjusted with. The experimental
acquisition of such data allowing to make progress in this issue was also an aim that
accompanied the process of this thesis along the way.
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CHAPTER 2
Materials and Experimental Methods

2.1 Materials

In this section, the major materials which have been investigated throughout this thesis,
pentacene (C22H14) and perfluoropentacene (C22F14) are shortly introduced. Additional
compounds that have been of concern, like pentacene-tetrone (C22H10O4) and Buckminster
fullerene (C60) are discussed within the corresponding publications.

2.1.1 Pentacene (PEN, C22H14)

Pentacene (PEN) is a linear, planar polycyclic aromatic hydrocarbon (PAH) composed
of five fused phenyl rings (cf. Fig. 2.1 b)). Its molecular mass amounts to 278 amu, its
density to 1.33 g/cm3. PEN has been studied very thoroughly within the last decades,
which results from its comparably high charge carrier mobility for p-type charge carriers
of above 1 cm2/Vs [28] - in one work even a value as high as 5.5 cm2/Vs has been reported
[38] - and its simple structure, which renders it an ideal prototypical model system.
As often found for PAHs [39], PEN crystallizes in a herringbone structure with two

molecules in the unit cell. Interestingly, different polymorphs with slight deviations from
one another exist: The Siegrist-phase and the Campbell-phase. While both of these are
found in bulk structures, there is furthermore a so-called thin film phase, which appears in
the first layers of thin films deposited on weakly interacting substrates like oxidized silicon
wafers, mostly at thicknesses below 100 nm and preferentially at substrate temperatures
close to room temperature. Typically, the following structures are found upon PEN
deposition on different substrates:

• Influence of Substrate Temperature: At cryogenic substrate temperatures, the
formation of large crystalline regions is prohibited due to the lack of sufficient
diffusion and processed thin films are amorphous, while with increasing substrate
temperature higher crystallinity is found. At substrate temperatures above 360 K the
sticking coefficient is significantly reduced, which limits the accessible temperature
range during deposition.
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• Weakly interacting substrates: PEN deposition onto weakly interacting sub-
strates like oxidized silicon [40], glass [41] or alkali halides [42] yields crystalline
uprightly (001)-oriented thin films. For higher film thicknesses, still the molecular
(001)-orientation is obtained, however, the upper layers crystallize in the Campbell-
phase [40]. In the case of isotropic substrates, the grains are isotropically distributed
within the surface plane, but if adequate epitaxial relationships exist, like in the case
of KBr(100) and KCl(100) [42, 43], only discrete structural conformations are found.

• Graphite substrates: Preparation on graphite (HOPG) surfaces yields very smooth
films in recumbent (022)-orientation in the Siegrist-phase [44].

• Metal substrates: Upon PEN deposition onto single-crystalline metal surfaces
like Au(111) and Ag(111) thin films with mostly recumbent orientation are found,
which nucleate on top of a completely flat monolayer, that furthermore exhibits
thermal stabilization compared to the multilayer [45, 46]. Moreover, the multilayers
exhibit significant dewetting, causing comparably rough morphologies. The actual
structure in these cases, as well as in the case of HOPG surfaces strongly depends
on the surface quality, such that damaged HOPG and polycrystalline gold surfaces
yield PEN films in upright orientation due to the absence of sufficient coherence
within the substrate to enable efficient interaction between the substrate and the
PEN molecules [44, 45].

• Oxide substrates: Deposition onto ZnO-surfaces yields thin films in upright (001)-
orientation, regardless of the termination of the ZnO substrate [47]. On TiO2(110)
surfaces, the formation of flat-lying molecular films in the monolayer and thin
multilayers has been reported [48], which constitutes an interesting system, as in
contrast to metal surfaces, where the PEN monolayers are electronically modified
by chemical interaction with the substrate, these films allow spectroscopic access to
unmodified PEN thin films in lying orientation.

The experimental structural parameters of the different PEN polymorphs are presented
in table 2.1.

Polymorph a b c α β γ space group
Campbell [49] 6.06 Å 7.90 Å 14.88 Å 96.74° 100.54° 94.20° P 1
Siegrist [50] 6.265 Å 7.786 Å 14.511 Å 76.65° 87.50° 84.61° P 1
thin film [51] 5.958 Å 7.596 Å 15.610 Å 81.25° 86.56° 89.80° P 1

Table 2.1: Structural parameters of different PEN polymorphs

Due to its mentioned interesting electronic properties and its model character, several
efforts have been made to prepare devices based on PEN like OFETs and solar cells.
However, the actual realization of commercial devices using PEN appears unrealistic, due
to its susceptibility to oxidation upon exposure to oxygen and UV radiation as well as
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its poor solubility [12, 13, 52, 53], which obviates the application of commercially utilized
preparation methods like inkjet printing.

2.1.2 Perfluoropentacene (PFP, C22F14)

The perfluorinated sibling of PEN, perfluoropentacene (PFP), has first been synthesized in
2004 by Sakamoto et al. [55]. Its molecular mass amounts to 530 amu, its density to 2.21
g/cm3. As perfluorination of organic compounds is a well-established strategy to enhance
their stability against degradation processes [56], PFP was expected to be more stable
against catalytic processes in combination with reactive surfaces. However, throughout this
work it has been shown that actually in combination with some surfaces, such processes
do occur (cf. section 5.6).
The high electronegativity of the fluorine atoms compared to the carbon backbone

leads to a reduced electron density within the molecular center and an agglomeration of
negative charge in the rim of the molecule. As this charge carrier density is the qualitative
opposite to the one of PEN, effective quadrupolar interaction between PEN and PFP is
expected (cf. Fig. 2.1 b) ). Moreover, this inverse charge carrier distribution also leads
to an inversion of the charge carrier mobilities in PFP compared to PEN: Consequently,
PFP has a comparably high n-type charge-carrier mobility of about 0.22 cm2/Vs [57].
In its bulk structure, PFP also exhibits a herringbone motif, in this case with almost

perpendicular relative orientation of both molecules in the unit cell. This exceptional
molecular conformation allows interesting insights, as by polarization-resolved measure-
ments, the different coupling mechanisms between parallel and tilted molecules can be
ideally discriminated.
Like in the case of PEN, a slightly modified crystal structure is found in thin films

deposited on weakly interacting substrates [58]. Furthermore, an additional polymorph
has been identified and characterized within the framework of this thesis (cf. 5.7), where
instead of a herringbone motif, the molecules crystallize in planar conformation. This
polymorph is denoted as Salzmann polymorph. As this configuration enhances the overlap
of the π-orbitals, more efficient charge transport may be expected in such structures.
Indeed, as presented within this work, the charge carrier mobility has been shown to be

Figure 2.1: Crystal structure of a) PEN and c) PFP with axes denotation, both in their
thin film phase, b) molecular structure and electron density maps (color coding: blue-green-
red (increasing intensity), taken from [54])
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significantly enhanced by a factor greater than 10 compared to the aforementioned value.
The different polymorphs are summarized in table 2.2. Note that due to inconsistencies in
lattice definition, in the PEN-lattice the ~c-vector is mostly parallel to the long molecular
axis, while in case of PFP the ~a-vector is.

polymorph a b c α β γ space group
bulk [55] 15.51 Å 4.49 Å 11.45 Å 90° 90.4° 90° P 21/c
thin film [58] 15.76 Å 4.51 Å 11.48 Å 90° 91.57° 90° P 21/c
Salzmann [35] 15.13 Å 8.94 Å 6.51 Å 78.56° 108.41° 92.44° P 1

Table 2.2: Structural parameters of different PFP polymorphs

In many regards, the correlations between substrate choice, temperature and quality
and the resulting structure that have been discussed for PEN thin films are also valid
for PFP thin films. Each of those correlations - except from the growth on TiO2 and
ZnO surfaces - has been analyzed within this thesis and will be discussed in the upcoming
chapters.
Due to the high sterical compatibility and the inverse quadrupole moments, hetero-

structures of PEN and PFP appear very interesting. As shown by structural analyses
[58, 59] PEN and PFP actually mix at the molecular level and nucleate in a new, combined
crystal structure. As both compounds are not only compatible regarding their shape, but
also complementary with respect to their electronic properties, also electronic properties
of the heterostructure have been analyzed and prototypical bipolar OFETs [55] have been
prepared. The analyses of optical absorption spectra [60] and fluorescence spectra [61] have
proven electronic interaction between the compounds, resulting in the reduction of the
optical band gap by the appearance of a new discrete charge-transfer related absorption
band.
Within this thesis, the morphology, the thermal stability as well as the electronic

properties of differently prepared PEN:PFP heterostructures have been analyzed in detail
(cf. section 5.8).

2.2 Experimental Methods

2.2.1 Organic Molecular Beam Deposition (OMBD)

The samples which are analyzed throughout this work have been prepared by means of
organic molecular beam deposition (OMBD). In this preparation technique, the processed
compound is stored in a heatable crucible under ultra-high vacuum conditions. Upon
elevation of the crucible temperature, material sublimation is activated. While the material
flux can be measured by quartz-crystal microbalance, positioning of substrates in the
molecular beam enables re-sublimation on these substrates and therefore the fabrication
of molecular thin films.
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Despite the principally simple fabrication process, the actual thin film structure strongly
depends on a number of process parameters like the evaporation rate, the substrate
quality and the substrate temperature during deposition, which have to be considered
and tuned carefully in order to prepare thin films of satisfactory quality and reliability.
In many cases, the substrate temperature is a crucial parameter, which often leads to
amorphous films in the case of low substrate temperatures and enhanced crystallinity
at higher substrate temperatures. Due to the dependence on the ratio of the flux and
the substrate temperature of many nanoscopic processes during thin film formation, the
reverse is true for variations of the flux: While high fluxes usually obviate the formation
of highly ordered thin films, their quality rises with decreasing fluxes.

The thin films have been prepared in a UHV-chamber (cf. Fig. 2.2, typically p < 10−9

mbar) with load lock system to enable quick sample transfers. The chamber has been built
up and constantly advanced throughout the process time of this thesis. By combination of
liquid nitrogen cooling and electron bombardment heating, a temperature range of 120 -
1000 K at three sample holders was accessible. The implementation of a PID-feedback
control allowed precise control over the temperature and the employment of exact heating
ramps. To process different compounds within reasonable time scales and to prepare
heterostructures of different compounds, the chamber comprises four different evaporation
cells. For means of sample preparation, an ion sputter gun is attached, while a quadrupole
mass spectrometer enables thermal desorption spectroscopy measurements.
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2.2.2 Atomic Force Microscopy (AFM)

Allowing to circumvent the optical diffraction limit, enabling measurements of insulators
and providing high-resolution information on surface topography, atomic force microscopy
(AFM) has become an essential technique in the analysis of nanostructures.

The fundamental principle is that the forces between a tip of few nanometers radius of
curvature and the sample are measured and translated into topographical images. For
that purpose, piezo scanners move the cantilever that comprises the tip along the sample
and the forces are analyzed at each individual point.

Generally, two operation modes can be distinguished: Static operation (Contact Mode)
and Dynamic operation (Non-Contact Mode and Tapping Mode). In the first mode, the
AFM tip is dragged along the sample surface and the actual height1 of the tip is used to
image the sample topography. Though this operation mode works quite intuitively and
allows quick image acquisition, it has one severe disadvantage: The movement of the tip
introduces high lateral forces to the surface which may damage the sample, especially in
the case of organic samples2.
In the dynamic mode, the cantilever is excited to an oscillation close to its resonance

frequency and the changes of amplitude and frequency of the driven oscillation are
monitored. Using a feedback loop, the z-position of the cantilever is manipulated such
that the amplitude stays virtually constant. The position of the corresponding piezo
actuator is interpreted as the topography information, while the deviations from the initial
amplitude and phase values are also analyzed. As the latter are strong, when changes in

Figure 2.3: a) Visualization of AFM operation [62], b) SEM image of AFM tip [63], c)
AFM topography image of 30 nm PEN deposited on SiO2, d) resp. amplitude image, e)
Force-distance curve for different acquisition modes [64]

1 This describes the case of the commonly used Constant Force mode, where a feedback loop controlling
the relative height is used to keep the force between the tip and the sample constant, while in the
Constant Height mode, the distance between tip and sample remains constant and the difference in the
mutual forces is used to calculate the topography image. As throughout this work, all images have
been acquired in the Constant Force mode, the Constant Height mode is not described in detail.

2 In some cases, this effect is utilized to produce damages in the sample, for example to brush the film
aside at one part at the sample and by comparing the pristine level to the covered level determine the
sample thickness.
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the morphology occur, they can be interpreted as derivative of the topography and feature
sharp illustrations of domain borders and steps (cf. Fig. 2.3 c),d) ).
The two most common different dynamic modes, tapping mode and non-contact mode

differ such that the oscillations take place in different distances from the sample surface.
While in tapping mode the tip oscillates within the attractive (van-der-Waals) regime as
well as in the repulsive (Pauli repulsion) regime, in non-contact mode the oscillation is
limited to the attractive regime. As a consequence, in tapping mode the lateral forces
are minimized and images can be obtained at reasonable times at ambient conditions.
Non-contact mode on the other hand also minimizes the normal forces and therefore
additionally reduces sample damages. Under ideal conditions, atomic resolution can be
achieved with this operation mode (Fig. 2.4 a)). However, this results in slower scan
speeds and in most cases in the necessity to conduct the experiments in UHV to circumvent
acquisition problems due to adsorbed water on the samples, as well as extreme sensitivity
to vibrations and acoustic noise in the laboratory.
Though being a simple technique in general, several problems may arise during AFM

measurements: For example artifacts may be produced if the AFM tip is not sharp enough
(cf. Fig. 2.4 b)-d) ), it contains double tips or the control parameter of the feedback
control are not correctly chosen.

The general concept of precise positioning at nanometer-scale also offers the opportunity
to some advanced detection and manipulation applications. To name only a few, there are
techniques that probe the magnetism (Magnetic force microscopy), chemical termination
using functionalized tips (Chemical force microscopy) and the electrical properties (Current
sensing atomic force microscopy) of the sample. Moreover, some efforts have been made
to facilitate storage devices that use AFM tips to read and write the individual sectors at
ultrahigh storage density (Millipede-Project [67]).

The presented data have been acquired with an Agilent 5500 AFM operated in tapping
mode at ambient conditions. AFM tips with resonance frequencies of about 260 kHz, radii
of 7 nm and force constants of 26.1 N/m were used.

Figure 2.4: a) Non-Contact Mode AFM images of PEN [65], b) Schematic of different
imaging quality with sharp (top) and blunt (bottom) tip, c) AFM image of 0.5 nm C60
deposited on top of 30 nm PEN on SiO2 with sharp tip [66], d) with blunt tip
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2.2.3 X-Ray Diffraction (XRD)

While AFM is used to characterize the morphology of the sample surface, x-ray diffraction
(XRD) allows to determine the crystal structure of the sample by analyzing diffraction
phenomena of the x-rays by the crystalline sample lattice. This is enabled by the wavelength
range of x-ray radiation of 10−8 m to 10−12 m, which embraces typical atomic distances (e.g.
aAu=4.08 · 10−10 m). In practice, the intensity of the scattered x-ray signal is monitored
as function of the angles ω between x-ray source and the sample and θ between the sample
and the detector. In the case of periodically distributed atoms, like in crystals, discrete
peaks in this diffractogram are observed, which arise from constructive interference of
x-rays scattered by atoms in equivalent lattice planes. As constructive interference requires
integer ratios between the wavelength and the path difference between two scattered
beams, the Bragg law can be derived:

nλ = 2d sin(θ) (2.1)

where n describes the diffraction order, λ the wavelength of the x-rays (cf. Fig. 2.5 a) )
and d the lattice plane spacing.

Bragg-Brentano geometry

Consequently, continuous symmetric variation of ω and θ in the so-called Bragg-Brentano
geometry allows to probe the periodicity of the sample in out-of-plane direction (which
means parallel to the surface normal). The angle θ at which the constructive interference
is observed can then be used to calculate the corresponding out-of-plane lattice spacing,
denoted as d⊥. In the case of known crystal structures, comparisons with the calculated
diffractograms allow a direct correspondence to the actual sample structure. In Fig. 2.5 c),
three different structures of PFP thin films as well as their corresponding diffractograms are

Figure 2.5: a) Geometric derivation of Bragg law [68], b) Bragg-Brentano-Scan of 150
nm PFP deposited on NaF(100), c) Bragg-Brentano-Scan of PFP in different orientations:
amorphous (top), upright (100)-orientation (middle), recumbent (102)-orientation (bottom)
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presented. While in the case of amorphous films with random distribution of the molecules
and absence of any crystalline domains no diffraction peaks are observed (top panel), in
the case of uprightly oriented PFP-molecules in (100)-orientation (middle) diffraction
peaks are found at the (n00)-positions, e.g. in first order at θ=5.695◦, corresponding to a
lattice spacing of 15.51 Å. If the molecules exhibit the recumbent (102)-orientation, this
gives rise to a peak at the higher Bragg angle of θ=16.646◦, which corresponds to d⊥=5.32
Å.
Note that the analyzed thin films of organic compounds exhibit quite low diffraction

cross sections as they mainly consist of carbon atoms. As consequence, the highest intensity
typically results from substrate contributions, while the thin film peaks are significantly
weaker (cf. Fig. 2.5 b) ). Therefore, the used diffractometer has to feature high beam
intensities and very sensitive detectors.

Rocking Curves

If samples are analyzed in the Bragg-Brentano geometry, only those crystallites contribute
to the signal, that exhibit lattice planes in exact parallelism to the sample surface. In some
cases however, some crystallites can be slightly tilted with respect to the surface normal.
Thus, a scan along the ω angle at fixed detector position and therefore fixed lattice plane
spacing, allows to probe the tilt distribution of the crystallites. Specifically, the broadness
of this so-called rocking curve is considered as benchmark of the sample quality. Typically
samples, which were prepared under non-ideal conditions (e.g. high deposition rates, low
substrate temperatures, poor substrate quality) exhibit broad peaks in rocking curves.
Fig 2.6 a) presents an example for such a behavior: It compares the rocking curves of
an epitaxial gold film grown on a muscovite surface (details on this procedure can be
found in [69, 70]) before and after an annealing step of the sample, obtained at the gold

Figure 2.6: a) Rocking curve of Au(111) grown on muscovite surface before and after
annealing step, b) denotation of relevant angles in the experimental set-up, c) GIXD mea-
surements of PEN, PFP, co-evaporated PEN:PFP and layered PFP/PEN [58], d) φ-scan
along the PFP (112) and (112) lattice plane of 150 nm PFP deposited on NaF (100), e)
corresponding pole figure (color coding: green-yellow-red (increasing intensity))
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(111) diffraction peak. It becomes obvious that the rocking width of the sample before the
annealing process amounts to a significantly higher value (1.88◦) than afterwards (1.22◦).

In-plane Diffraction

While the standard Bragg-Brentano geometry allows to probe the vertical periodicity
of the lattice, it may also be of interest in some cases to gain insight into the in-plane
orientation of a sample. In this case, the sample is rotated along the angle Ψ (cf. Fig. 2.6
b) ) to allow momentum transfer of the x-ray beam not only perpendicular ( ~k⊥), but also
parallel to the sample surface (~k‖).
When this rotation considers the orientation of the in-plane lattice plane relative to

the sample surface correctly, the corresponding in-plane diffraction peaks can be observed
in Bragg-Brentano scans. In many cases, the lattice planes perpendicular to the sample
surface are investigated by means of in-plane diffraction, which requires a sample tilt of
exactly 90◦. In this case, the angle between the x-ray source and the sample is very small
(typically α=0.2◦), which also enhances the surface sensitivity of this grazing incidence
x-ray diffraction (GIXD) technique. Fig. 2.6 c) presents various GIXD scans of PEN and
PFP films as well as several heterostructures which have been prepared and analyzed in
[58].

In the common case of thin films with preferred out-of-plane orientation, but azimuthally
isotropic distribution (so-called 2D-powder), only a small fraction of all crystallites con-
tributes to the intensity of these peaks, which introduces additional requirements on the
sensitivity of the apparatus and the data acquisition time.

φ-Scans and Pole Figures

If thin films do not only exhibit preferred out-of-plane orientation, but also crystallize in
discrete azimuthal orientations on the substrate, these films are denoted as epitaxial thin
films. Those epitaxial films enable another acquisition method: φ-scans. Here, the angles
θ and Ψ are set to the correct values for the lattice plane of interest and the sample is
rotated along its surface normal (cf. Fig. 2.6 b) ). As the crystallites are non-isotropically
distributed, the corresponding lattice planes can fulfill the Bragg condition only at discrete
orientations. Depending on the symmetry of the epitaxial film growth and the appearance
of mirror domains, quite high numbers of such peaks may occur. Fig. 2.6 d) presents a
φ-scan along the PFP (112) and (112) lattice plane at a sample of 150 nm PFP deposited on
NaF(100). An analysis of such φ-scans allows to derive the actual structural conformation
of the thin film (see section 5.1).

Combinations of the variation along φ and Ψ to simultaneously determine the rotational
distribution and the rocking width are denoted as Pole Figures (cf. Fig. 2.6 e) ).

More information on x-ray diffraction applied for thin film analysis can be found in [71].
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Experimental-Setup

If not stated differently, the XRD measurements were conducted with a Bruker D8 Discover
diffractometer using Cu Kα radiation (λ=1.54056 Å) and a LynxEye detector. In case of
the publications [30],[31],[35],[36] and [37] different set-ups were used, which are described
in detail in the experimental sections of the corresponding publications.

2.2.4 UV / Vis Absorption Spectroscopy

As the transitions between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) as well as the excitonic transitions of many PAHs
and especially PEN and its substituted derivatives are in the energetic range of several eV,
UV / Vis absorption spectroscopy is a powerful tool to investigate these characteristics.

When absorbing light, the corresponding molecule is excited into a level above the ground-
state. Consequently, the charge distribution within the molecule changes. Comparing
the optical spectra of isolated molecules, represented by solution spectra1, and molecular
solids, represented by thin films, some striking differences are observed (cf. Fig. 2.7 a) ).
Most prominently, absorption bands are found at energies below the fundamental optical
band gap (HOMO-LUMO transition2). To understand this, one has to regard the different
molecular vicinities. In case of isolated molecules, all excitations have to occur within
one single molecule. Contrary, in solids interactions between several molecules take place.
One such interaction is the formation of excitonic states. These states are stabilized by
mutual Coulomb-interacting between the excited charge-carriers and their vicinity. As
a consequence, the energy required to excite this state is lower than the energy of the

Figure 2.7: a) Comparison of solution and solid spectra of PEN (modified from [72]), b)
energy scheme of relevant excitations, c) schematic of Davydov-Splitting

1 Unfortunately, in solution spectra additional parasitic effects like solvent-shifts due to the non-negligible
polarizability of the solvent come into play. As frequently no gas-phase spectra were available (especially
for larger PAHs) and the solvent-shifts are expected to be small compared to the peak broadness, they
are used to represent isolated molecules anyway in this case.

2 Though denoted as HOMO-LUMO transition, note that the energy of this transition is not exactly
determined by the energy difference between the HOMO and LUMO levels determined by PES and
IPES. The reason for this is that also in isolated molecules excitation of an electron also influences the
charge-carrier distribution of the residual molecule, which is denoted as hole. As these two attract each
other by Coulomb interaction, the energy difference is decreased [73]
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Figure 2.8: Polarization-Resolved optical spectra of PFP thin films deposited onto a
KCl(100) surface. a) False-color contour plot of absorption measurements as function of
linear light polarization (color coding: blue-green-yellow-red (increasing intensity)), b) cuts
along the energy, c) along the polarization axis, d) scheme of orientation of light polariza-
tion to molecular confirmation

fundamental transition (Fig. 2.7 b)). The difference between both energies is defined as
binding energy of the exciton.
Two different limiting scenarios are commonly discussed: The Mott-Wannier-Exciton

and the Frenkel-Exciton1. The first is usually found in materials with high dielectric
constant and features low binding energies and therefore high radii (defined as average
distance between electron and hole). Mott-Wannier Excitons are typically found in
covalent, inorganic semiconductors like gallium arsenide. Frenkel-Excitons on the other
hand typically appear in materials with small dielectric constant. This characteristic
results in comparably high binding energies (in the order of some 100 meV) and therefore
tightly bound electrons and holes, separated by few or even only parts of single molecules.
In organic materials, often excitons of Frenkel-type are found. Nevertheless, in most cases
none of both limiting cases is purely present, but the actual character of the exciton is
somewhere in-between.

If the molecular crystal features a unit cell with more than one translationally unequal
molecule, these excitations are additionally splitted. To describe this effect, a crystal with
two unequal molecules in the unit cell shall be considered. Due to the indistinguishability
of both molecules, symmetrical and anti-symmetrical linear-combined states occur. As
the exchange interaction is different in these two cases, the resulting excitation energies
are different and the modes split in two (cf. 2.8 c)), which is called Davydov-Splitting.
Both, the intensity and the splitting of the modes are functions of the relative angle
between both molecules in the unit cell. These considerations also apply to crystals
with more than two molecules in the unit cell and in that case result in splitting into Z
different modes with Z as number of translationally unequal molecules in the unit cell.
The Davydov-Splitting is discussed in detail in references [74] and [75]. Furthermore,
depending on the actual packing motif, also the coupling between translationally equal

1 Sometimes also denoted as Poole-Frenkel-Exciton
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molecules have to be considered. This effect has been found for PFP and is discussed in
section 5.10.

To induce a specific excitation, not only the energy has to amount to the correct value,
but furthermore also the light polarization must be compatible with the difference between
the electronic charge distribution (orbital) of the initial and the excited state. This geomet-
rical parameter is considered by the fact that the Transition Dipole Moment (TDM) is of
vector type and its norm describes the corresponding oscillator strength. As a consequence,
systematic variations of the relative orientation between the electrical field vector of the
linearly polarized light and the TDM allow to determine the sample orientation if the
TDM orientation is known and allow the assignment of the TDM orientation if the sample
structure is precisely known. In the common case of thin films with uniform texture but
equally distributed grains in the lateral dimension, all excitations with TDM in the sample
plane are visible (in transmission geometry).
Figure 2.8 shows the application of this technique on epitaxially grown films of PFP on
KCl(100) surfaces. By varying the light polarization relative to the sample, the intensity
of the absorption bands at 1.75 eV and 2.75 eV is inverted, which represents the different
TDM orientations of the corresponding transitions1. As the intensity is proportional to the
square of the inner product between the E-field vector of the light and the TDM-vector, it
scales with cos2(α) (where α is the angle between both vectors).

In order to allow unambiguous and quantitatively reliable conclusions, the signal con-
tributions from the apparatus and the substrate have also be taken into consideration.
For that purpose, in each case reference spectra I0(λ) are acquired and considered in the
evaluation.
As known from Beer’s law of absorption, the intensity of transmitted light decays

exponentially with the sample thickness:

I(λ,d) = I0e
−α(λ)d (2.2)

Therefore, the relative intensity of two different absorption modes (with individual
attenuation coefficients α) is a function of the sample thickness.
To circumvent this undesired effect, the parameter absorbance (A=ln( I0

I(d))) is used instead
of the transmittance, which is T= I(d)

I0
, resulting in equal spectral shape (except for peak

broadness) for different sample thicknesses.
Throughout this thesis, the optical spectra were acquired using an Agilent 8453 spec-

trometer, which enabled measurements in the energetic range of 1.1 to 6.5 eV with spectral
resolution of 1 nm. Additional experiments (section 5.10) were conducted using a home-

1 Note that the strong contrast between the absorption spectra as function of the light polarization is
only achieved, as the sample which usually exhibits four-fold symmetry is illuminated only in a region
where one of the rotational domains is in strong majority compared to the other. For more details on
the data, see 5.1.
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built setup with tungsten-halogen and deuterium lamps as light sources. This setup
enabled measurements with spot sizes below 30 µm in diameter and precise positioning
of the spot by combination with an optical microscope. The sample was mounted inside
a liquid He-flow cryostat, which allowed access to sample temperatures in the range of
4-500 K. The accessible energetic range in this setup was 0.8 eV to 5.5 eV with spectral
resolution of 1 nm.

2.2.5 Fourier-Transform-Infrared-Spectroscopy (FTIR)

Embracing the energetic range between 1 meV and 1.7 eV (resp. 700 nm to 1 mm in
wavelengths or 10 cm−1 to 13.500 cm−1 in wave-numbers), infrared spectroscopy is sensitive
to vibrational transitions.

In the case of PAHs due to their structure and conjugation, the typically applied mode-
assignment via finger-print-identification is not applicable, as the actual displacement
patterns are distributed over the entire molecule (cf. Fig 2.9 a) and Ref. [29]). Consequently,
in order to fully understand the spectra, detailed correspondence between experiment
and theoretical calculations is necessary. The theoretical calculations on the other hand
require sufficient consideration of the molecular structure and especially the molecular
vicinity. As the analyzed molecular crystals are mostly van-der-Waals-bound, the van-der-
Waals-interaction has to be considered in the calculations. In this work this was achieved
by using the DFT package Vienna Ab Initio Simulation Package (VASP [76, 77]) with
periodic boundary conditions (more details in section 5.5).
In the case of Fourier-Transform-Infrared-Spectroscopy (FTIR), the spectra are not

acquired by means of discrete measurements at different wave-numbers (dispersive spec-
troscopy) as implemented by using monochromators (like for example in the before discussed
UV/Vis spectroscopy) but instead by acquiring the intensity as function of the optical
retardation using a Michelson-Interferometer. This allows to measure all frequencies at
the same time, resulting in very quick data acquisition times and very good signal-to-
noise-ratios. By applying the Fourier-Transformation to transform the data from the time
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Figure 2.10: Spectra illustrating the typical workflow in FTIR spectra acquisition: a),b)
Interferograms of sample / reference, c),d) energetic spectra of sample / reference, e) mag-
nification with comparison of both signals, f) final spectrum ISample(ν)

IReference(ν) (Data: Interfero-
grams of clean Cu/Ru(0001) sample after and before CO adsorption. Figure from [78])

domain to the frequency domain, the energy spectrum is obtained. To exclude parasitic
effects from the substrate and the optics, the final absorbance spectra are generated by
referencing with non-covered substrates. Though the actual signals from the covered and
the non-covered sample appear very similar, at close inspection distinct absorption modes
become visible (cf. Fig 2.10) and this technique is easily able to resolve signals from
sub-monolayer coverages (see for example [79]).

The remarks noted in the UV/Vis spectroscopy section regarding absorbance, Davydov-
Splitting and polarization dependence are also valid for the infrared spectroscopy. Addi-
tionally, a further selection rule for infrared modes exists: Only vibrations that reveal a
change of the dipole moment of the molecule, i.e. asymmetric vibrations, are visible in
infrared spectroscopy. Contrary, the opposite is true for Raman-Spectroscopy. Here, modes
with asymmetric displacement patterns remain invisible, while symmetric vibrations can
be observed. Consequently, Raman and Infrared spectra exhibit no overlap (rule of mutual
exclusion).

The fundamental difference between IR-spectroscopy and Raman spectroscopy, where
the information about the energetics of the vibrations is obtained by analysis of inelastic
scattering of light, was summarized very nicely by Albert Einstein [80]:

“Insert 10 cents into a Coke machine and receive a Coke: INFRARED;
insert 1 Dollar and receive a Coke and 90 cents change: RAMAN.”

Typically, reference data for uncharacterized material or material of unknown compo-
sition is acquired by preparation of potassium bromide (KBr) pellets, utilizing the IR
transparency of KBr. Because the analyzed material is oriented statistically within this
pellet, this approach allows to determine the relative oscillator strength of the individual
absorption modes and to obtain high quality data very simply and with low material
consumption. Furthermore, detailed composition analyses are enabled and applied for
example in the pharmaceutical sector [81, 82].
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In spectra of thin films with preferred orientation on the other hand, only those modes
are visible, where the light polarization is compatible with the dynamic dipole moment
vector, like in the case of UV / Vis spectroscopy (cf. Fig 2.9 b) and c)). This polarization
dependence of the absorption modes can be used to determine the orientation of the
compound - supposed the exact relation between the TDM and the structure is known -
and to monitor structural changes.

The spectra have been acquired using a Bruker IFS66v spectrometer with water-cooled
globar as light source and liquid-nitrogen cooled mercury-cadmium-tellurid as detector.
To circumvent the appearance of water absorption bands, all measurements have been
conducted in vacuum (p < 1 mbar).
For further details on infrared and Raman spectroscopy, refer to expert textbooks like

[83] and [80].

2.2.6 Thermal Desorption Spectroscopy (TDS)

In order to characterize the thermal stability of compounds under high- and ultra-high-
vacuum conditions, thermal desorption spectroscopy (TDS) is the method of choice. In TDS,
a mass spectrometer with variable detection values m/z (mass-to-charge-ratio) is utilized
to monitor the desorption process as function of temperature and mass-to-charge-ratio,
allowing chemical sensitivity.

Within the equipped mass spectrometer, a filament is used to ionize gas-phase molecules,
which therefore carry charge. Consequently, the ions, which are afterwards accelerated,
interact differently with electrical fields, depending on their actual m/z value. In quadrupole
mass spectrometers, AC voltages are applied between two rod pairs, where respectively
two opposing rods constitute one pair and are therefore interconnected. Thus, ions passing
through this quadrupolar electrical field exhibit sinusoidal trajectories, where - depending
on the actual choice of the AC voltage - only ions with a certain m/z-value have a stable
trajectory and can reach the detector (cf. Fig. 2.11 a) ) (Faraday-Cup or Secondary
Electron Multiplier).
Generally, the desorption rate of the adsorbate from the surface is described by the

Polanyi-Wigner equation:

dΘ

dt
= Θmν(m)e−

Edes
RT (t) (2.3)

Figure 2.11: a) Working principle of quadrupole mass analyzer, b) TD-spectra of PEN
thin films of different thickness, c) Peak shape of different desorption kinetics for different
initial coverages [84]
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where Θ is the coverage, ν the pre-exponential factor and m the desorption order.
The actual signal form of the desorption process depends critically on the nature of the

microscopic desorption process. Zero-order desorption (m = 0) describes the desorption of
physisorbed molecules. The corresponding QMS signals exhibit an exponential increase
with temperature until the complete layer has desorbed. At that point, the signal instantly
drops (tearing edge). While the ascending flank is independent of the initial coverage
and its slope can be used to calculate the sublimation enthalpy [85], the tearing edge
depends strongly on the coverage such that it shifts to higher temperatures with increasing
coverages (Fig. 2.11 b) ).

The cases of (m = 1) and (m = 2) are also of importance for the analysis of TD-spectra.
The first describes chemisorbed monolayers and is characterized by a symmetric peak
shape, of which center position does not change with the coverage. The case of (m = 2) is
assigned to recombinative desorption; in this case the peak is symmetric but its broadness
as well as its center shift with coverage such that it becomes sharper and shifts to lower
temperatures with increasing coverage (cf. Fig. 2.11 c) ).
In the present work, all TD-spectra were acquired using a Pfeiffer QMG 220 M3 with

detection range of m/z=1-300 amu. To provide reliable temperature measurements, K-type
thermocouples were attached directly to the sample surfaces. The spectra were acquired
during a linear increase of the substrate temperature with a heating rate of β = 0.5 K/min

using a self-implemented computer-controlled PID-feedback control. To avoid parasitic
contributions from the sample holder and the manipulator, a movable Feulner cup was
positioned close to the sample surface [86].
More detailed introductions on Thermal Desorption Spectroscopy can be found for

example in [85, 87, 88].

2.2.7 Near-Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS)

Despite from diffraction effects (XRD) and photoionization of core electrons (XPS), the
interaction between x-rays and solids / gases can also lead to resonant excitation of
core-electrons into unoccupied molecular states (cf. Fig. 2.12 a) ). Therefore, if the energy
of the x-ray beam is correct, the sample will absorb the beam with increased efficiency. As
the absorption due to the resonant excitation does not occur at higher energies than the
resonant energy, a discrete peak is found. This is in contrast to photoionization processes
(XPS), where any energy equal or higher than the difference between the vacuum level
and the core level is suitable, as the excess energy is converted into kinetic energy of the
photoelectron. This leads to an absorption edge in the acquired spectra, that superimposes
with the resonant absorption peaks.

As energy-dispersive technique, the acquisition of near-edge x-ray absorption fine struc-
ture (NEXAFS) spectra requires an adjustable x-ray beam. As this is not easily feasible
within home-laboratories, typically synchrotron facilities are visited to perform NEXAFS
measurements.
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Figure 2.12: a) Energy scheme illustrating typical excitation monitored by NEXAFS, b)
NEXAFS spectrum of PEN thin film deposited on SiO2 acquired at sample orientation
55° (details on angles: see text), c) zoom into π∗ region, d) illustration of non-symmetrical
carbon atoms in PEN, e) peak assignment of PEN NEXAFS spectrum by DFT calculations
[89]

The actual detection of the absorption spectrum works such that the re-filling processes
of the core-holes are monitored. The core-hole which arises from the excitation of the core
electron is refilled by an electron from a higher energetic level. Due to the conservation of
energy the corresponding energy difference has to be compensated. This happens either
by fluorescence or the emission of Auger electrons, whereat the relative intensity of both
effects depends on the atomic number of the involved elements, with high Auger electron
yield for light elements and high fluorescence yield for heavy elements. In either case,
the re-fill process can be monitored by appropriate detectors. As in organic compounds
mainly Auger electrons are emitted, a channel-plate detector is used to detect this flux
and therefore indirectly the absorption in the sample. The sensitivity for Auger electrons
introduces an additional advantage: As the mean free path of electrons at an energy of
280 eV is about 8 Å, this detection method brings along high surface sensitivity. To further
enhance the surface sensitivity, typically a retarding field is applied in front of the detector
to block secondary electrons.

Fig. 2.12 b),c) provides a NEXAFS-spectrum of PEN. It becomes obvious, that a lot of
resonances appear. This high number of resonances is due to the non-exact equivalence of
the individual carbon atoms within the PEN molecule. Thus, each ground state level and
also the final state - due to the different positions of the core holes - after the excitation
are different for the individual core atoms. Therefore the corresponding peaks are found
at different excitation energies - in the case of PEN the six non-symmetrically equivalent
carbon atoms yield six individual resonances for each fundamental transition (e.g. C1s ->
LUMO, cf. Fig 2.12 d,e) ).
Similar to transitions in the optical and infrared regime, not only the energy of the

incident photon beam has to amount to the exact value (difference between final state
and initial state energies), but also the relative orientation between the electrical field
vector and the corresponding transition dipole moment (TDM) must be correct. In
preferentially oriented samples this leads to a strong dependence of the signal intensity
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on the angle between the sample and the incident beam - the so-called dichroism - , as
the synchrotron beam is linearly polarized. Consequently, knowledge about the TDM
orientation of the individual excitations allows very precise determinations of the sample
orientation. In contrast to x-ray diffraction, no crystalline condensation of the samples is
necessary to detect the molecular orientation. As an example, in self-assembled monolayers
on polycrystalline substrates often preferred orientations are found, though the films are
non-crystalline and therefore exhibit no diffraction peaks in conventional x-ray diffraction
techniques [90]. Furthermore, its surface sensitivity allows to exclusively probe the surface
structure, independent of contributions from bottom layers (cf. Fig. 2.13 f) ).

Fig. 2.13 a) defines the angles, which are used in this work in the framework of NEXAFS
spectroscopy. The incident angle θ describes the orientation of the sample normal relative
to the orientation of the E-vector of the x-ray beam1, while the angle α describes the
average orientation of the TDM-vector relative to the sample normal. In the case of PEN
and PFP, the π∗ transitions have TDM-vectors oriented perpendicular to the aromatic
ring plane. Therefore an upright orientation of the molecules corresponds to an angle α of
90°. Of course, exact orientation analyses require adequate consideration of the molecular
packing motif. In herringbone motifs for example, it is not possible to arrange both
molecules in such way, that both lie with their carbon backbone parallel to the surface
and therefore the case α equals 0° cannot occur, though nevertheless both molecules might
be in a recumbent orientation with individual long axes parallel to the surface.

Figure 2.13: a) Definition of angles describing the sample orientation and the average
molecular orientation, b) plot of resonance intensities as function of sample orientation θ for
different average TDM orientations α, c),d) normalized NEXAFS spectra of PEN acquired
at different sample orientations, e) fit of 2.8 to experimental data, f) illustration of probe
depth of NEXAFS compared to XRD

1 This is equivalent to the orientation between the sample plane and the propagation direction of the
x-ray beam
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The exact intensity dependence for vector-type orbitals, like π∗-transitions in planar
PAHs, is given by [91]:

Iπ∗ ∝ P
(
cos2 θ cos2 α+ sin2 θ sin2 α cos2 φ (2.4)

+ sinα cosα sin θ cos θ cosφ) + sin2 α sin2 φ

where P describes the degree of polarization of the synchrotron light and the angle φ
represents the azimuthal orientation of the TDM vector projection on the surface.
In the case of substrates of at least twofold-symmetry, cosφ averages to zero, yielding:

Iπ∗ ∝ P
(
cos2 θ cos2 α+ sin2 θ sin2 α cos2 φ

)
+ sin2 α sin2 φ (2.5)

and in the case of the substrates of threefold or higher symmetry, cos2 φ and sin2 φ

average to 1/2, which leads to:

Iπ∗ ∝ P

(
cos2 θ cos2 α+ 1

2 sin2 θ sin2 α

)
+ 1

2 sin2 α (2.6)

= P cos2 θ

(
3 cos2 α

2 − 1
2

)
+ sin2 α

2 (2.7)

= P cos2 θ

(
cos2α+ 1

2P tan2 θ sin2 α

)
(2.8)

From 2.8 it can be derived that for θ =tan−1(
√

2P ) the intensity of the absorption
signal is independent of the average molecular TDM orientation α. Consequently, at this
magic angle the corresponding plots presented in Fig. 2.13 b) cross. In order to determine
the relative oscillator strength1, spectra should be acquired at this angle, as thereby
orientational influences are omitted. It amounts to about 54.7◦ in the case of ideally linear-
polarized radiation (P=1). For samples featuring lower than threefold symmetry, there
is no such magic angle independent of the azimuthal orientation. Instead, for substrates
of twofold symmetry, the value of the magic angle depends on the azimuthal angle φ by
θmagic =tan−1(1/cosφ) (for P=1) and in cases of substrates with even lower symmetry,
the dichroism plots for individual values of α do not cross at all (examples presented in
appendix I).

Throughout this work, only samples of threefold or higher symmetry have been analyzed
by means of NEXAFS spectroscopy. Therefore, in all cases equation 2.8 has been used
for quantitative analyses. To reliably determine the exact molecular orientation from
NEXAFS data, apparative contributions as well as the influence of the ionization edge
have to be considered correctly. First, the energy axis has to be calibrated accurately,

1 The actual oscillator strength as determined by NEXAFS further depends on the exact overlap between
the initial state and the final state, which leads to different peak heights for the transitions into equal
orbitals from individual atoms (cf. Fig 2.12 c),e) ). In the limiting case of a nodal plane (wave function
amounts to zero) along a certain atom, the corresponding excitation is not possible at all. As an
example, the transition from the nitrogen 1s level to the LUMO+1 cannot be excited in pyrazine
molecules, as the LUMO+1 orbital has a nodal plane at the nitrogen atoms [54].
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which is achieved by simultaneous recording of the current within a carbon-coated grid in
front of the analysis chamber. The spectrum of the carbon coating exhibits a characteristic
absorption peak at known energy (284.9 eV), which is used as intrinsic energy reference.
Afterwards, the apparative background noise is subtracted, which is aforehand determined
by recording a spectrum with closed beamshutter. Furthermore, the detector sensitivity
as well as the actual ring current are accounted for by normalizing the spectrum at 270
eV to zero and at 330 eV to one. Additionally, the transmission characteristic of the
monochromator grating has to be taken into account. This procedure is described in more
detail in [54] and [92].
Finally, the resonance intensities of the normalized spectra (Fig. 2.13 c,d) ) are deter-

mined as function of the incident angle θ and equation (2.8) is fitted to the experimental
values by variation of the average molecular TDM orientation angle α (cf. Fig. 2.13 e) ).1

All NEXAFS experiments have been conducted at the HE-SGM dipole beamline at
the synchrotron storage ring BESSY II (Berlin) facilitated by the Helmholtz-Gesellschaft
Deutschland. If not stated differently, a retarding field of -150 V was applied. The
polarization factor of the synchrotron beam was 0.91. All spectra were recorded with a
spectral width of the monochromatized light of 300 meV.
More details on the experimental set-up can be found in [93], while [91] provides a

detailed introduction to NEXAFS spectroscopy.

1 In the case of substrates of lower symmetry, also φ is used as fit parameter.





CHAPTER 3
Results

The major projects of this thesis can be divided into three sections:

1. Substrate-mediated orientational control over the growth of organic semiconductor
thin films

2. Spectroscopic characterization and phase-transitions of highly ordered organic semi-
conductor thin films

3. Preparation and spectroscopic and thermal characterization of organic heterostruc-
tures

As will become clear from the text, these sections are strongly interconnected and
consequent developments of one another. However, a separation appears suitable for a
stringent description.

3.1 Substrate-mediated orientational control over the growth of organic
semiconductor thin films

Due to their high structural anisotropy, both in their molecular geometry and their
crystalline lattice, the properties of molecular solids strongly depend on their nanoscopic
structure. The actual formation of their structure is influenced by various parameters
that are chosen during the preparation process like the deposition rate, the substrate
temperature during deposition, the choice of the substrate as well as its surface quality and
the atmospheric conditions. Furthermore, post-preparation processes like post-annealing
can influence the final film structure.

Within this work, especially the influence of the substrate temperature during deposition,
the substrate choice and substrate quality have been addressed.

3.1.1 Epitaxial perfluoropentacene thin films grown on alkali halide surfaces

Alkali halide surfaces are known to be suitable substrates to influence the structural ordering
of organic compounds [42, 94–100], as their anisotropic surface exhibits high polarity,
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Figure 3.1: Scheme of molecular orientation of PFP on a) NaF(100) and d) KCl(100),
AFM micrographs of PFP thin films on b) NaF(100) and c) KCl(100)

which allows efficient interaction with the organic compounds. However, the interaction
is chemically rather weak (no chemisorption), so that the spectroscopic properties of
deposited thin films are not modified by the substrate, as it is often the case for organic-
metal-interfaces [101–104].
The aim of the study “Epitaxial growth of perfluoropentacene films with predefined

molecular orientation: A route for single-crystal optical studies” (section 5.1) was to find
alkali halide surfaces that serve as templates for epitaxial growth of PFP thin films. For
that purpose, sodium fluoride and potassium chloride (100) surfaces have been chosen due
to highly compatible lattice geometries between their surfaces and the PFP molecules:
The ~b-vector of the PFP crystal exhibits a norm of 4.49 Å which is very close to the norm
of the NaF 〈010〉 vector, that amounts to 4.62 Å. An even closer agreement is found
between the PFP ~b-vector and the KCl 〈011〉 vector (4.45 Å). Indeed, on both substrates
epitaxial films are found upon deposition of PFP. Furthermore, the orientation of the
~b-vector in both cases coincides with the aforementioned surface directions that exhibit
good congruence with the PFP ~b-vector norm. However, the formation of epitaxial films
further requires the correct substrate temperature during deposition, as in the case of
temperatures lower than 330 K mostly polycrystalline films are found. Interestingly, not
only the lateral ordering of the films is influenced by the substrate choice, but also the
molecular conformation relative to the surface normal (cf. sketch in Fig. 3.1): While
on NaF (100) surfaces, the PFP molecules adopt an upright (100) orientation, on KCl
(100) they nucleate in the recumbent (102) orientation, which is ascribed to a higher order
epitaxy between PFP and the KCl surface favoring the recumbent orientation. Summing
up, the KCl(100) and NaF(100) surfaces serve as templates to control the structural
conformation of PFP in different ways and therefore allow the preparation of epitaxial
films of this compound in different orientation, which allows detailed polarization-resolved
spectroscopic measurements. Such measurements have also been applied in this study
in the framework of UV/Vis spectroscopy and have been expanded to more detailed,
temperature dependent optical measurements (section 5.10) and vibrational spectroscopy
(section 5.5).

3.1.2 Application of TEM Measurements for the characterization of PFP thin films

The application of Transmission Electron Microscopy (TEM) provides one specific ad-
vantage compared to other imaging or diffraction techniques: By variation of the lense
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systems, TEM can be used to image real space as well as reciprocal space and therefore
allows to characterize the crystalline structure as well as the morphology of a sample at
the exact same position at the same time.
However, the application of TEM for organic thin films is quite challenging, as many

organic compounds exhibit severe radiation damages. As a consequence, the acquisition
of TEM images and diffraction data requires very cautious handling of the samples and
the instrument. Within the work “Application of transmission electron microscopy for
microstructural characterization of PFP thin films” (section 5.2), the acquisition process
of TEM data was improved and adapted to reduce the radiation damage. By systematic
variation of the exposition conditions we found that low dosages, low sample temperatures
and high acceleration voltages (300 kV) provided the best conditions and allowed image
acquisition times of about 50 seconds for PFP thin films deposited on SiO2 substrates.
The application of this method allowed to correlate the habitus of PFP crystallites to
their crystalline structure, showing that the spicular PFP islands are limited by planar
(001) edge faces at the long side and the herringbone (010) plane at the short side of the
crystallites.

3.1.3 PFP and P-Tetrone thin films on HOPG surfaces of different quality

Graphite and graphene surfaces are highly interesting materials to be used in organic
optoelectronic devices as they offer excellent mechanical and electronic properties, combined
in the case of graphene with optical transparency. This combination of properties gives rise
to the expectation, that graphene might substitute indium tin-oxide (ITO) as electrode
material for opto-electronic applications.
Furthermore, it has been shown before, that PEN forms highly ordered, very smooth

thin films on graphene in recumbent orientation due to the perfect match between the
molecular carbon frame and the surface lattice of the graphite basal plane [44].
In the work “Interrelation between Substrate Roughness and Thin-Film Structure of

Functionalized Acenes on Graphite” (section 5.3) it has been shown that also for PFP
and pentacene-tetrone (P-TET) thin films deposited on pristine (0001)-oriented graphite,

Figure 3.2: AFM micrographs and Diffractograms of PFP thin films on a) pristine HOPG
and b) sputtered HOPG, c) scheme of molecular orientation and polymorphs on different
substrates, d) NEXAFS spectra of PFP on pristine HOPG proving the planarity of the new
polymorph
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exceptionally smooth thin films in lying molecular conformation are found. Moreover,
we systematically analyzed the influence of the substrate quality on the subsequently
deposited thin films. We found that the growth of individual PFP crystallites is limited
by monomolecular steps in the graphite surface, such that the maximum island size is
determined by the coherence of the substrate. Additionally, we intentionally damaged
the graphite surface by means of ion bombardment until the surface diffraction pattern
monitored by low energy electron diffraction (LEED) had vanished. Consequently, thin
films with similar preparation protocol as in case of pristine surfaces have been prepared.
We found that in the case of damaged surfaces, the smooth, recumbently oriented thin
films are no longer formed, but instead the molecules adopt an upright orientation and
morphologies that correspond quite exactly to those of thin films deposited on oxidized
silicon substrates (exemplary AFM micrographs and diffractograms presented in Fig. 3.2
a,b) ). To put it in a nutshell, in this work it has been shown that pristine graphite surfaces
allow the preparation of highly ordered, very smooth thin films of PFP and P-TET in
lying configuration, but that this can only be achieved at high-quality surfaces without
severe damages.

The aforementioned lying configuration of PFP is even more interesting from a different
perspective: In its bulk structure [55], PFP exhibits a nearly perpendicular herringbone
motif in the unit cell. Consequently, PFP cannot form planar recumbent thin films in its
bulk phases. However these are found on graphite surfaces, as the molecules crystallize in
a new polymorph (cf. Fig 3.2 c,d) ), that is also found on metal surfaces like Ag(111) [105].
In this polymorph, the molecules do not exhibit any herringbone motif, but are completely
planar to one another. We have analyzed this polymorph, its exact crystalline structure
and its electronic properties in “Epitaxial Growth of π-Stacked Perfluoropentacene on
Graphene-Coated Quartz” (section 5.7). Interestingly, the determination of the electron
band dispersion allowed an estimate of the electron mobility, which was estimated to >
9 cm2/V s. This value is clearly higher than the one found for the PFP bulk structure of
0.22 cm2/V s [57]. The increase of the electron mobility compared to the bulk structure is
ascribed to the vertically π-stacked molecules, of which relative orientation maximizes the
vertical π-orbital overlap.

3.2 Spectroscopic characterization and phase-transitions of highly
ordered organic thin films

In many cases, the spectroscopic properties of organic compounds are of interest. For
example, their optical absorption spectra determine their applicability in opto-electronic
devices. Furthermore, their vibrational properties are closely interconnected to their
corresponding charge-transport characteristics, as the efficiency of electronic excitations
strongly depends on the electron-vibration coupling (vibronic coupling). From a fundamen-
tal researcher’s point of view, spectroscopic properties are of course also of great interest,
as the detailed analysis of unknown spectroscopic properties allows to gain insight into yet
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unknown systems and their monitoring as function of parameters such as temperature,
time or radiation exposition allows to study the dynamics of nanoscopic processes.
Finally, also the thermal stability and the competing processes of molecule desorption

and molecular decomposition are of interest as well in the framework of fundamental
research as for potential applications, as material degradation is one severe reason for the
nowadays quite poor lifetime of organic electronic devices.

Unfortunately, the detailed determination of spectroscopic characteristics and even more
their interpretation are quite complicated. One reason for this is the poor availability of
organic single crystals. Furthermore, these in many cases exhibit very strong absorption,
which limits the application of transmission spectroscopy, while the quantitative analysis
of reflection absorption measurements on the other hand is complicated by rotation of the
polarization. The analysis of crystalline thin films allows to circumvent these issues. An-
other obstacle is the high sensitivity of many spectroscopic characteristics for imperfections
during the preparation process. For example, non-ideal preparation protocols will most
probably lead to the incorporation of undesired parasitic compounds or imperfect film
structures. There is also an aspect of fundamental character: The spectroscopic properties
of molecular solids are strongly anisotropic, which means that significantly different spectra
are acquired for different molecular orientations or polymorphs. Therefore reliable spectro-
scopic characterizations can only be achieved if at the same time the homogeneity, stability
and structural conformation of the sample are verified and determined. Consequently,
throughout this work all spectroscopic characterizations have been supported by detailed
structural investigations and the aforementioned anisotropy of spectroscopic characteristics
was addressed in detail by introduction of polarization-resolution to the experimental
techniques.

Figure 3.3: a) Optical absorption spectra of PFP thin films on KCl(100) with unpolarized
light (bottom panel) and light polarized along different unit cell axes (top panels), b) polar-
ized optical micrographs of PFP/KCl(100) thin films, c) polarization-resolved intensities of
absorption bands I and III
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3.2.1 Determination and modelling of optical and vibrational characteristics of
perfluoropentacene thin films

As mentioned before, in the work “Epitaxial growth of perfluoropentacene films with
predefined molecular orientation: A route for single-crystal optical studies” (section 5.1)
the preparation of epitaxial thin films of PFP, which are ideally suited for polarization-
resolved spectroscopic measurements has been presented. Within that work, optical
absorption spectroscopy was applied to determine the optical properties of PFP. By
application of XRD, the structure has been determined very accurately. As furthermore
the size of individual domains with identical lateral orientation was sufficiently large, it
was possible to exclusively illuminate domains with molecules in similar orientation and
therefore continuously rotate the light polarization with respect to the molecular axes
for PFP thin films deposited on KCl (100) surfaces (cf. Fig. 3.3). By this means, the
orientation of the transition dipole moments of all corresponding optical transitions have
been determined.

However, in that work the applied spectrometer featured a comparably large illumination
spot with a diameter of about 3 mm and did not allow precise positioning of the spot
on the sample surface. Consequently, no polarization-resolved measurements could be
applied in the case of PFP / NaF (100) films, where the size of uniform domains was not
sufficient for that purpose. Moreover, the spectral resonances are rather broad at room
temperature conditions, which hampered the exact separation of the leading excitonic
resonances (cf. UV/Vis spectroscopy Section). For that reason, these measurements have
been repeated and expanded in a recent joint work with K. Kolata, J. Kunert, G. Witte
and S. Chatterjee, which is currently in preparation for publication. In this study, a more
sophisticated experimental set-up was used that allowed spot sizes of below 30 µm and
exact microscopic positioning of the illumination spot under a microscope. Furthermore,
these experiments have been conducted at temperatures of as low as 10 K, which has
led to significantly sharper peak shapes (cf. Fig. 3.4 a) ) and therefore allowed clear
separations and identifications of the individual excitations. The detailed inspection of the
polarization-resolved spectra (cf. Fig. 3.4 b,c) ) revealed an exciton band X3 additional

Figure 3.4: a) Optical absorption spectra of PFP thin films on NaF(100) with polariza-
tion along the PFP-~c-direction, b) spectra acquired at different polarization angles with
denotation of excitations c) polarization-resolved intensities of the absorption bands
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to the two exciton bands X1 and X2 arising from the Davydov splitting. While X1 and
X2 both exhibit significant binding energies, their actual values are different due to the
different resonance-interaction between the molecules within the unit cell. The additional
band X3 on the other hand emerges due to the planar stacking of PFP molecules in the
~b-direction (cf. Fig. 2.1 c) ) which leads to significant Coulomb coupling between those.

The epitaxial thin films of PFP on KCl(100) and NaF(100) have also been used to
study the vibrational properties of PFP in the work “Vibrational Davydov-Splittings and
Collective Mode Polarizations in Oriented Organic Semiconductor Crystals” (section 5.5).
Comparing the spectra of both thin films in their individual structural conformation
to isotropic PFP/KBr pellets and conducting also polarization-resolved measurements
allowed to determine the exact energy positions, oscillator strengths and dipole moments
of all IR-active vibrational modes in the energetic range above 800 cm−1 (cf. Fig. 3.5 a,b)
). This very precise and extensive dataset was further used to benchmark different DFT
functionals. Especially the correct modelling of the van-der-Waals interactions between
the different molecules is a current research topic that many theoretical approaches still
fail to describe accurately. For that purpose, different typical DFT methods have been
applied to calculate the vibrational spectra of PFP and the results have been compared
to the experimental data. The best accordance between the theoretical results and the
experimental data was found for the PBE functional with consideration of dispersion
effects. Due to the exact knowledge of the energetic positions and the dipole moments
of all excitations, all modes which were computed by the DFT calculation have been
identified in the experimental spectra. Having found an adequate theoretical modelling of
the system, the computations also enabled the enlightenment of some further aspects: As

Figure 3.5: a) IR spectra of PFP thin films resolved by molecular axes, b) false-color
plot of polarization-resolved IR spectra (color coding: green-yellow-red-blue (increasing
intensity)), c) comparison of experimental data, single molecule calculation and crystal cal-
culation, magnified in e). d), f) visualization of displacement patterns for different coupled
vibrations and corresponding dipole moments.
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the computations also embrace the actual displacement patterns of the vibrations, those
could be visualized which allowed interesting and very concrete insights. Furthermore,
the computations can not only model the molecular crystal but also individual, isolated
molecules and compute their vibrational spectra, which are not easily accessible by the
experiment. These spectra do - different from the crystal calculations - not embrace
the Davydov-Splitting arising from the two non-translationally equivalent molecules in
the PFP unit cell. Therefore, the comparison of these two spectra have allowed the
identification and assignment of the different Davydov-split modes (cf. Fig. 3.5 c),e) ).
Finally, this allowed to understand, why some of the fundamental modes exhibit such
a Davydov-Splitting into two vibrational modes with non-zero intensity, while others
split into one mode with finite and one without intensity. The reason for this behavior
is the different dipole moment of the fundamental modes: As exemplarily visualized in
Fig. 3.5 d),f) those modes with polarization along the long axis of the PFP molecule
(L-polarized modes) exhibit an exact cancellation of the individual dipole moments when
the vibrations have a phase relation of π, while in-phase vibrations lead to a total dipole
moment in L-direction. Fundamental modes with polarization within the molecular plane
(M-polarized modes) on the other hand, can not cancel each other out in any phase
relation in the molecular crystal due to the herringbone motif within the unit cell. In this
work we have shown that the vibrational spectra of conjugated aromatic molecules are
not describable by fingerprint identification of individual chemical bonds, but the actual
displacement patterns are distributed over the entire molecule. Due to its novel approach,
that has combined the advantages of experimental and theoretical methods and addressed
a number of fundamental questions, we are convinced that this work will be of general
interest within the field of molecular solid spectroscopy.

3.2.2 Phase-transitions and thermal decomposition of perfluoropentacene monolayers
on coinage metal surfaces

The interaction between organic compounds and metal surfaces is of great importance,
as in device applications such interfaces often occur and the electronic interplay at this
interface strongly influences the performance of such devices. Because metal surfaces are
often highly reactive, the interaction is typically stronger than in the case of non-metallic
substrates or organic-organic interfaces. In many cases, especially in the first layers
the adsorbed molecules are chemically modified, which is called chemisorption. As a
consequence, the spectroscopic characteristics as well as the stability of the corresponding
molecules can be strongly modified. On the one hand, this can be utilized to prepare exact
monolayers of the organic compound on the metal surface by preparation of multilayers
and subsequent thermal desorption of all layers except for the first monolayer. On the
other hand this may lead to unexpected, undesired side-effects, as for example electronic
modification of the compound or catalytic reactions might occur.
In the work “Temperature Dependent Structural Phase Transition at the Perfluoropen-

tacene/Ag(111) Interface” (section 5.4), we have analyzed the interface between PFP and
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Figure 3.6: a) Evolution of 2PPE signal intensity corresponding to free silver surface
areas and contrast of LEED pattern over temperature, b) exemplary LEED patterns and c)
NEXAFS spectra of PFP-monolayer on Ag(111) at different temperatures below and above
phase transition temperature

the silver (111) surface. Due to the high polarizability of the silver surface, the molecules
adopt a flat-lying orientation in the polymorph that is also found on HOPG and has
been discussed in the previous section. Careful heating of the sample to temperatures
of about 400 K allows to selectively desorb the multilayers, leaving behind a monolayer
of PFP, which also exhibits a flat-lying orientation and which is expected to be a closed
monolayer without residual uncovered regions. However, the microscopic structure is more
complex. By variation of the sample temperature we found, that at a temperature of
about 145 K a phase-transition occurs. Below this temperature, two-photon-photoemission
(2PPE)-signatures are found that correspond to non-covered silver surface areas. Moreover,
an analysis of the actual microscopic structure by means of low energy electron diffraction
showed that at low temperatures a crystalline (6 x 3) PFP phase is formed, which trans-
forms into a disordered phase at higher temperatures (cf. Fig 3.6 b) ). Furthermore, we
have shown that this phase-transition as monitored by 2PPE and LEED is completely
reversible. To find out, whether this phase transition also affects the molecular orientation
with respect to the surface normal, e.g. whether the molecules undergo a conformational
modification, we have applied NEXAFS spectroscopy. The results presented in Fig. 3.6 c),
have shown, that in both cases, at temperatures below and above the critical temperature,
the conformation remains unchanged. These results also explain, why attempts to image
PFP monolayers by means of scanning tunneling microscopy at room temperature have
failed: Due to the high mobility of the disordered phase, imaging is only possible at
temperatures below the phase transition temperature as applied in [106].
The interplay between organic compounds and metal surfaces has also been the main

aspect of the study “Substrate induced thermal decomposition of perfluoro-pentacene thin
films on the coinage metals” (section 5.6). Here, monolayers of PFP have been prepared
on gold, silver and copper (111) surfaces and their thermal stability has been analyzed
by means of XPS and NEXAFS. We have shown that the thermal stability and the
evolution of the electronic properties strongly depend on the chemical reactivity of the
substrate. While on gold surfaces the electronic properties remain unchanged upon heating
and intact desorption of the monolayer occurs, the PFP molecules are strongly modified
regarding their electronic properties on copper surfaces even at room temperature. In
the case of monolayers prepared at that surfaces, the NEXAFS resonances are found
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Figure 3.7: a) Series of Temperature-Dependent XP-Spectra and b) NEXAFS-Spectra of
PFP-Monolayer on Ag(111), Au(111) and Cu(111)

to be strongly broadened compared to the multilayer (cf. Fig 3.7b) ), which indicates
strong electronic interaction between the PFP monolayer and the copper surface. Upon
heating, this becomes even more pronounced and new resonances which are attributed to
decomposed PFP arise. By analyzing the temperature-resolved XP-spectra shown in Fig.
3.7 a) regarding the relative intensities of the carbon atoms in different chemical vicinity,
we have shown that the PFP molecules break apart at the carbon-fluorine bonds, leading
to decomposition of the PFP molecules. Moreover we found evidence that the detached
fluorine atoms react with the copper surface to form copper-fluoride. The thermal evolution
of PFP monolayers on silver surfaces is inbetween those on gold and copper surfaces. By
comparing the results of PFP monolayers on smooth Ag (111) surfaces to those deposited
on the vicinal Ag (221) surface we have identified surface steps as promoters for the
catalytic reactions. Our findings have further been supported by DFT-calculations, in
which the adsorption and dissociation energies of PFP on the different surfaces have been
compared, revealing the same trend as observed experimentally.

3.3 Preparation and spectroscopic and thermal characterization of
organic heterostructures

While the preparation and characterization of single-component organic thin films already
poses a number of challenges and the actual structure of processed thin films strongly
depends on a number of parameters, the situation becomes a lot more complicated,
when multinary systems are considered. Here, one additional complex parameter comes
into play: The mutual interaction between both components. Obviously, two or more1

different compounds may interact in different ways: Depending on their sterical and
chemical compatibility they may favor molecular intermixture or prefer phase-separation.
Though some efforts have been made [107, 108], up to now no embracive explanations

1 To improve the readability, during the discussion the situation of two compounds is described. However,
all considerations are of course also valid - and in many cases even to a higher extent - for combinations
of more than two compounds
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or theoretical models exist that allow reliable predictions on the mixture behavior of
two organic compounds. Specifically, the mentioned approaches only embrace the case
of thermodynamic equilibrium and therefore fail to describe metastable processes, like
intermixture of two compounds at low temperature, which at higher temperatures favor
phase-separation. For that reason, fundamental experiments have to be conducted to
provide knowledge on those molecular mixtures. The analysis of such mixtures is simple
in principle. By comparing the structural and spectroscopic fingerprints of the single
compounds to those of the molecular mixture, the different scenarios can be discriminated:
In the case of no interaction, the spectroscopic properties of the mixture will be exact
superpositions of the pure compounds, while significant deviations from such a superposition
prove interaction on a molecular level. However, the nature of the different spectroscopic
techniques has to be accounted for to drawback correct conclusions. Aside from the
fundamental interest in gaining knowledge about the mixture behavior of two components,
such knowledge is also of interest for practical applications. To give an example, in organic
solar cells two different organic compounds are necessary to harvest the incident light
efficiently: One with high electron affinity (acceptor) and one with low ionization potential
(donor). In such heterojunction organic solar cells, the device characteristics depend
strongly on the combined structure that is formed in the active layer by both compounds.

3.3.1 Thermally activated intermixture of pentacene-perfluoropentacene
heterostructures and optical properties of those

Due to their high sterical compatibility and their inverted charge carrier distribution
which results in effective mutual quadrupole attraction, PEN and PFP constitute an
ideal model system for heterostructures of organic semiconductors. As has been shown in
previous works, both molecules form a co-crystal upon co-evaporation in stoichiometrically
equivalent ratio [58, 59]. Furthermore, first observations have been made that prove
electronic interaction, as in the optical absorption spectra as well as in the fluorescence
spectra new resonances appeared, which have been attributed to charge-transfer excitations

Figure 3.8: a) TD-spectra of pure PEN (top panel), pure PFP (medium panel),
PEN/PFP stack, b) TD-spectra of PEN/PFP stacks prepared at different substrate tem-
perature, c) optical absorption spectra of differently prepared heterostructures of PEN and
PFP
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(CT) between the highest occupied molecular orbital (HOMO) of PEN and the lowest
unoccupied molecular orbital (LUMO) of PFP [60, 61].
Within the study “Thermally activated intermixture in pentacene-perfluoropentacene

heterostructures” (section 5.8) the question has been addressed, whether the attraction
between PEN and PFP not only leads to joint structure motifs and electronic interaction,
but also results in enhanced thermal stability. By applying thermal desorption spectroscopy
we have shown that indeed the thermal stability of the heterostructure is enhanced by
about 20 K compared to the single compounds (cf. Fig. 3.8 a) ), reflecting an increased
enthalpy of sublimation. By monitoring the degree of thermal stabilization, we have
been able to compare different preparation protocols of such heterostructures in great
detail. These observations have led to unexpected results: The thermal stabilization of
both compounds and therefore effective molecular intermixture occurs not only upon
co-evaporation but also after subsequent deposition of both compounds. However, this
effect is restricted to individual layer thicknesses of about 5 nm and furthermore occurs
only in one of both possible sequences: While PFP deposition on top of PEN layers does
not lead to enhanced thermal stability of the heterostructure, such stabilization is found
after deposition in reverse sequence. By comparing the morphologies of these different
subsequently prepared stacks and of the pure phases and by consideration of previous
literature work, where PEN deposition has been shown to smoothen the comparably rough
PFP interface [109], we have attributed this behavior to an enhanced contact area in
the case of PEN/PFP stacks (PEN deposited on PFP) compared to the reverse stack.
Moreover, we have discriminated between the possible scenarios of molecular intermixture
during deposition and during the post-annealing process applied in the TDS measurement
by variation of the deposition conditions (cf. Fig. 3.8 b) ), showing that the first takes
place and have identified the substrate temperature during the deposition of the top PEN
layer as crucial parameter that determines, whether or whether not the PEN molecules
can interdiffuse into the bottom PFP layer. In the case of co-evaporated heterostructures
as well as multi-layered stacks prepared by alternate deposition of monolayers of both
compounds, the thin films were also found to be thermally stabilized. The analysis
of thermal desorption spectra of the heterostructures have furthermore shown that the
mutual stabilization only occurs in the case of stoichiometrically equivalent mixtures, while
excessive amounts of one compound are desorbed non-stabilized. This finding enables the
exact preparation of ideally intermixed heterostructures even if the preparation process
has been non-ideal and will allow the acquisition of high-quality spectra of the molecular
intermixture in future studies. Finally, the inspection of the electronic properties of the
differently prepared heterostructures by means of optical absorption spectroscopy has
revealed results in good congruence with the findings from thermal desorption spectroscopy
measurements: As presented exemplarily in Fig. 3.8 c), the CT-related excitation is found
for those heterostructures, that also exhibit the thermal stabilization and can therefore be
used as to judge the efficiency of the molecular intermixture. However, we have also shown
that additionally to the CT-excitation another striking difference between the spectra of



3.3 Preparation and spectroscopic and thermal characterization of organic heterostructures 39

ideally intermixed and phase-separated heterostructures occurs, which had not yet been
reported in literature: The absorption bands which are related to the pure-phase excitons
are completely suppressed in the case of ideally intermixed heterostructures. Consequently,
the combination of these three spectroscopic benchmarks allows to very precisely judge on
the intermixture efficiency in molecular mixtures of PEN and PFP and can be expected to
be applicable and of interest also for other molecular heterostructures. Finally, the high
quality of the acquired spectra, which clearly exceeds that of the previous experiments
performed by other groups, may be expected to render them important references for
theoretical approaches to this system.

3.3.2 Dimensional control over C60 nanostructures on pentacene templates

Heterostructures of PEN and C60 fullerene have gained significant interest in both, theo-
retical [110–115] and experimental [116–120] works. This is not only due to their potential
application in solar cells [121, 122] and ambipolar organic field-effect transistors [123],
but also due to their model character, which facilitates them an interesting material
combination.

In the framework of the study “Diffusion-controlled growth of molecular hetero-structures:
fabrication of 2-D, 1-D and 0-Dimensional C60-nanostructures on pentacene templates”
(section 5.9) the interface between these two materials has been precisely analyzed. As
bottom layer PEN multilayers have been chosen which can be prepared in high quality
and have been studied before in detail. This allowed to chose preparation conditions at
which uncovered surface areas and therefore undesired interaction between the afterwards
deposited C60 molecules and the substrate could be excluded. As presented in Fig. 3.9
a), deposition of small amounts of C60 (dnom=0.25 and 0.5 nm) onto the PEN multilayer
at room temperature leads to the formation of C60 clusters pinned at the PEN step
edges, which represents surprisingly high mobility of C60 on the PEN surface as well as
remarkable interaction between C60 and the PEN edge faces. As the AFM micrographs
in Fig. 3.9 b) show, variation of the substrate temperature during the C60 evaporation
process allows to control the structure and dimensionality of the C60 nuclei. While at low

Figure 3.9: AFM micrographs of a) 30 nm pure PEN and 0.25 nm C60 deposited on top,
b) C60 nanostructures deposited at different substrate temperatures on PEN multilayers
(all of which prepared at room temperature, all measurements conducted at room temper-
ature) and c) NEXAFS spectra of bare PEN bottom layer (i), pure C60 (ii), 0.5 nm C60
deposited on PEN multilayer (iii), additional 5 nm PEN deposited on top (iv)



40 3 Results

temperatures, rather homogenous, two-dimensional coating of the PEN surface by the C60

molecules occurs, at somewhat elevated temperatures (240 K), one-dimensional nanowires
of C60 that continuously decorate the PEN step edges are found. At even higher elevated
temperatures, the cohesion between C60 has been found to completely outrule the adhesion
of C60 at PEN: Here, 0-dimensional clusters of increased size are found, which are pinned
at the PEN step edges. Interestingly, all interfaces are stable at room temperature and
exhibit no post-growth dewetting. Furthermore we have shown, that subsequent deposition
of additional PEN onto these interfaces allows the burial of the C60 clusters and nanowires
and therefore to prepare low dimensional buried organic hetero-structures. Applying x-ray
diffraction and NEXAFS and utilizing their different probe depths, we have finally shown
that the orientation of the subsequently deposited PEN remains unchanged compared to
the bottom layer in upright orientation (cf. 3.9 c) ).



CHAPTER 4
Summary and Outlook

In this thesis the structural and spectroscopic properties of the organic semiconductor
perfluoropentacene (PFP) have been studied in detail. By variation of the preparation
conditions and well-considered choice of substrates, highly ordered thin films have been
prepared. Moreover, different preparation protocols have been identified that allow
comprehensive structural control over the thin film formation regarding the molecular
orientation, the lateral ordering and the crystal structure. The structural conformation
of the thin films has been determined by a wide combination of different techniques:
Atomic Force Microscopy (AFM) and Polarized Optical Microscopy allowed to analyze the
morphology, while Near-Edge X-Ray Absorption Fine Structure Spectroscopy (NEXAFS)
and X-Ray Diffraction Spectroscopy (XRD) were utilized to determine the molecular
orientation and their crystallinity. A number of these findings as the utilization of alkali
halide surfaces with congruence between their surface structure and the lattice geometry of
the deposited material as well as the strong correlations between the substrate temperature
during deposition and the resulting thin film morphology are expected to be useful to
gain structural control also over other organic compounds. First attempts of applying
this to compounds like pentacene-tetrone and copper-phtalocyanine have already yielded
promising results.

The precise control over the molecular conformation allowed to conduct detailed spectro-
scopic measurements regarding the optical, vibrational, chemical and electronic properties
of PFP by application of UV/Vis absorption spectroscopy, Fourier-Transform Infrared
Spectroscopy (FTIR), X-ray Photoelectron Spectroscopy (XPS) and NEXAFS spectroscopy.
Moreover, the exact knowledge about the thin film structure enabled polarization-dependent
measurements with respect to the molecular axes. Consequently, the highly anisotropic
optical and vibrational properties of PFP have been determined and correlated to the
molecular packing motifs. Furthermore, the extensive datasets have served as benchmarks
for theoretical calculations and enabled the comparison of different functionals. This
allowed to identify computational methods which have reproduced the experimental results
to a very good extent and further provided additional information that helped to visualize
the actual displacement patterns in molecular vibrations and to understand the different
coupling mechanisms in Davydov-split vibrational modes. The preparation of PFP mono-
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layers on different metal surfaces has allowed to characterize the chemical interaction of
PFP with these surfaces. By that means, it has been shown that despite its proposed high
chemical stability due to the fluorination of the outer rim, significant catalytic reactions
occur upon thermal heating which strongly modify the electronic properties of PFP. These
issues pose significant challenges for possible device applications, as in those the actual
electronic structure and possible degradation processes of the organic-metal-interface are
crucial, which therefore have to be analyzed in detail to understand the actual device
characteristics instead of only considering the bulk properties of the organic compound.
Similar to the aforementioned strategies to gain control over the structural conformation
of the thin films, the applied spectroscopic characterizations, especially the approach to
precisely correlate the structural orientations to the spectroscopic anisotropies have the
potential to be used in numerous further studies to achieve spectroscopic details for future
compounds.

Finally, two complementary organic heterostructures have been prepared and analyzed:
Blends of PEN and PFP and PEN and C60. The first combination exhibits strong mutual
interaction due to their high sterical compatibility and strong quadrupole interaction,
which results in the formation of efficient intermixtures at the molecular level at suitable
preparation protocols in stoichiometrically equivalent ratio. In contrast, the latter combina-
tion results in phase-separation of both compounds. By application of thermal desorption
spectroscopy, the mutual attraction of PEN and PFP has been shown to significantly
enhance the thermal stability of this heterostructure compared to the single compounds.
Moreover, it was found that different preparation methods exist that allow molecular
intermixture, one of which is the preparation of subsequently deposited PEN/PFP blends,
where at sufficiently provided diffusivity - as varied by the substrate temperature dur-
ing deposition - interdiffusion of PEN into the PFP thin film is enabled. However, the
preparation of such blends in reverse order does not lead to such a behavior which has
been attributed to different extents of the contact area at the corresponding interfaces by
interpreting the data from atomic force microscopy and x-ray reflectivity measurements.
The analysis of the electronic properties by means of optical absorption spectroscopy
has led to the conclusion that the optical signatures may also be interpreted as sensitive
benchmarks for the efficiency of intermixture in those blends. Specifically the appearance
of the charge-transfer-related excitation and the extinction of the pure-phase excitons
have been identified as the crucial indicators. Finally, it has been shown that the thermal
stabilization of the heterostructure compared to the single compounds may also be used
to selectively desorb the non-intermixed extents of the single compounds. This enables
very precise spectroscopic characterizations and will for example allow to determine the
electronic and vibrational properties of the PEN-PFP-heterostructure without undesired
contributions of the pure compounds.

In contrast to the mixture of PEN and PFP where the energy gain related to intermolec-
ular cohesion exceeds that of the formation of pure-phase clusters, the opposite is the case
for the combination of PEN and C60. By deposition of small amounts of C60 on top of PEN
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multilayers, the formation of C60 nano-structures has been analyzed. It has been found
that the aforementioned preferred cohesion of C60 molecules leads to the formation of
separated C60 clusters on the PEN template. Interestingly, these clusters are not uniformly
distributed on the PEN islands but instead pinned at the PEN step edges. The variation
of the substrate temperature during deposition of C60 has allowed to control the diffusivity
of the C60 molecules and the dimensionality of the wetting layers: While 2D-structures
are found at cryogenic substrate temperatures, continuous one-dimensional decoration of
the PEN step edges occurs at intermediate temperatures of 240 K, whereas at elevated
temperatures the molecules form 0-dimensional clusters. Interestingly, all of these struc-
tures are stable upon post-deposition heating. Additionally, different approaches of the
preparation of buried C60 nanoclusters have been compared by means of additional PEN
deposition, which will be addressed in the future by means of spectroscopic investigations
to find out about the coupling at organic acceptor/donor-interfaces.

Of course, this work does not put the demand of being all-embracing or having clarified
all open questions within the field of organic semiconductors and molecular thin films.
Rather, it has to be understood as a comprehensive element within this field of research
which helped to approach some fundamental and practical questions. The fundamental
nature of the studies however facilitates them as interesting and important within a wide
range of research fields and they may be expected to influence and stimulate a number of
further studies.
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5.1 Article I: Epitaxial growth of perfluoropentacene films with
predefined molecular orientation: A route for single-crystal optical
studies

Reproduced with permission from
T. Breuer, G. Witte, Physical Review. B 83 (2011), 155428,
http://dx.doi.org/10.1103/PhysRevB.83.155428.
Copyright 2011, American Physical Society.

5.1.1 Abstract

Using atomic-force microscopy and x-ray diffraction we show that perfluoropentacene
(C22F14, PFP) forms long-range ordered, epitaxial films on KCl(100) and NaF(100)
cleavage planes. On both substrates the films adopt the same crystalline bulk phase,
but surprisingly exhibit quite different molecular orientations, being upright oriented on
NaF and recumbent oriented on KCl. Accompanied thermal desorption spectroscopy
measurements indicate the absence of a stabilized seed layer, like on metals, hence
suggesting that in both cases the PFP films are stabilized by an electrostatic point-in-line
relationship between the outermost fluorine atoms and the alkali cations of the alkali
halide surfaces. Furthermore, the transparency of both substrates was utilized to perform
detailed transmission UV/Vis spectroscopy and polarized optical microscopy measurements
along well-defined crystallographic directions. From these data the orientation of the
transition dipole moments of the various optical excitations were experimentally determined
and a directional anisotropic exciton coupling was observed, which is attributed to the
asymmetric molecular packing motif within the (100) plane of the PFP crystal lattice.

5.1.2 Methods

Atomic Force Microscopy, Organic Molecular Beam Deposition, Polarized Optical Mi-
croscopy, Thermal Desorption Spectroscopy, UV/Vis Spectroscopy, X-Ray Diffraction.

5.1.3 Own Contribution

I have prepared all samples and planned and conducted all experiments, in case of XRD
measurements Martin Zimmermann (Bruker AXS) was of assistance. I have written the
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major part of the manuscript, while Gregor Witte has helped to interpret the data as well
as to improve the manuscript.
Some of the AFM and XRD results had already been part of my Diploma thesis [124],

however, the major part of the experiments as well as the interpretation of the data and
the preparation of the manuscript have taken place within the framework of this doctoral
thesis.
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Epitaxial growth of perfluoropentacene films with predefined molecular orientation:
A route for single-crystal optical studies
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Using atomic-force microscopy and x-ray diffraction we show that perfluoropentacene (C22F14, PFP) forms
long-range ordered, epitaxial films on KCl(100) and NaF(100) cleavage planes. On both substrates the films adopt
the same crystalline bulk phase, but surprisingly exhibit quite different molecular orientations, being upright
oriented on NaF and recumbent oriented on KCl. Accompanied thermal desorption spectroscopy measurements
indicate the absence of a stabilized seed layer, like on metals, hence suggesting that in both cases the PFP films
are stabilized by an electrostatic point-in-line relationship between the outermost fluorine atoms and the alkali
cations of the alkali halide surfaces. Furthermore, the transparency of both substrates was utilized to perform
detailed transmission UV/Vis spectroscopy and polarized optical microscopy measurements along well-defined
crystallographic directions. From these data the orientation of transition dipole moments of the various optical
excitations were experimentally determined and a directional anisotropic exciton coupling was observed, which
is attributed to the asymmetric molecular packing motif within the (100) plane of the PFP crystal lattice.
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I. INTRODUCTION

Despite the recent success of using organic semiconductors
as active material for device applications,1–6 many fundamen-
tal aspects regarding the charge transport7 or photoexcitation8

in such materials are still not well understood. In part, this
is due to the fact that measured material properties are
largely affected by extrinsic factors like structural defects and
impurities,9,10 which poses a challenge for experimental stud-
ies on highly ordered molecular crystals to derive the intrinsic
properties.11 Though transport measurements and optical spec-
tra are available for some organic single crystals,10,12–14 they
are commonly restricted to specific crystallographic directions
because many crystals exhibit a flaky habitus. Moreover, a
systematic broadening of such single-crystal studies toward
other molecular materials in many cases is hampered by the
lack of sufficiently sized crystals.

Therefore, organic thin films have been considered as an al-
ternative approach to study optoelectronic properties of molec-
ular solids. Due to a large mismatch in symmetry and lattice
parameters between organic crystals and inorganic substrates,
however, mostly poly-crystalline films are obtained, often also
revealing a coexistence of different crystalline orientations or
phases.15–17 Nevertheless, epitaxially ordered heterostructures
have been observed for some organic thin films upon deposi-
tion on inorganic substrates which are stabilized by an accor-
dance of characteristic lengths yielding, for example, a point-
in-line epitaxy.18 Remarkably, epitaxially ordered organic thin
films have been obtained almost exclusively on weakly inter-
acting substrates like insulators or half metals, for example, for
para-phenylene on mica,19,20 TiO2(110)21 and KCl(100)22–24

pentacene on Bi(0001)25 and KBr(100),26 phthalocyanines
on alkali halides,27,28 and TTF/TCNQ (charge transfer salt)
on KCl(100).29,30 In this regard it should, however, be
mentioned that these films usually appear not uniformly
oriented but exhibit different coexisting crystalline orientations
and lateral alignments, which strongly depend on growth
temperature, film thickness, and substrate roughness.17,31

By contrast chemisorbed wetting layers of planar-oriented

molecules are typically formed on metal surfaces while subse-
quent film growth is accompanied by molecular reorientation
and pronounced islanding, leading to a considerable film
roughness.31,32 Regarding optical absorption measurements
metal substrates appear rather unfavorable because they
induce screening and quenching effects, while detailed optical
spectroscopy of crystalline organic adlayers have been carried
out on electronically decoupled insulating substrates.20,28

One of the key features of organic electronics is the versatile
tailoring of electronic properties by means of chemical mod-
ifications of the π -conjugated molecular materials.33–35 One
approach along this direction is based on fluorination. In case
of the prototypical pentacene this yields perfluoropentacene
(PFP, C22F14),36 a promising new organic semiconductor
with n-type charge transport behavior and enhanced chemical
robustness against oxidation. Revealing the same symmetry
and a similar molecular packing motif in the crystalline
phase as the nonfluorinated analog but exhibiting an inverted
quadrupole moment it constitutes an interesting model system
to study the effect of this molecular modification on the
electronic and optical properties of the molecular solid.
Unfortunately, no macroscopic sized crystals or epitaxially
ordered films of PFP have yet been observed. Furthermore,
attempts to grow epitaxial PFP films on Bi(0001), like for
the nonfluorinated analog, failed.37 As regards the optical
properties of PFP solids they have so far been restricted to
polycrystalline films prepared on SiO2. In that case films
reveal a pronounced texturing, forming (100)-oriented layers,
but consist of azimuthally isotropically distributed needles,38

hence limiting the optical analysis only to in-plane and
out-of-plane components.39

In this study we have investigated the growth of PFP
films on various alkali halide substrates by using atomic
force microscopy (AFM) and x-ray diffraction (XRD) and
demonstrate that particularly well-ordered epitaxial films are
formed on NaF(100) and KCl(100) substrates. Although these
films adopt the same crystalline bulk phase quite different
molecular orientations (recumbent vs upright) were observed

155428-11098-0121/2011/83(15)/155428(8) ©2011 American Physical Society
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for both substrates. Additional information on the adsorption
energetics was obtained from thermal desorption spectroscopy
(TDS) measurements while the morphology of the bottom
side of films grown on the different substrates was studied
after dissolving the water-soluble substrates. In a next step the
fortunate growth situation of different molecular orientations
in combination with the optical transparency of the alkali
halide substrates was utilized to perform optical absorption
measurements along different crystallographic directions of
PFP. These data make it possible, in particular, to determine
the orientation of transition dipole moments for the various
optical excitations.

II. EXPERIMENTAL

The PFP films were grown under ultrahigh-vacuum (UHV)
conditions onto KCl(100) and NaF(100) substrates. All sub-
strate surfaces have been prepared by cleaving slices of about
2 mm from the single-crystal rods (Korth Kristalle GmbH) in
air. Subsequently, the samples were quickly transferred into
the vacuum system using a load-lock system and heated at
450 K in vacuum to remove adsorbed water. All PFP (Kanto
Denka Kogoyo Co., Ltd.) films were deposited by organic
molecular beam deposition from an aluminum crucible of a
resistively heated Knudsen cell at a deposition rate of 8 Å/min,
monitored by quartz crystal microbalance. To characterize the
thermal stability of the films thermal desorption experiments
were conducted employing a quadrupole mass spectrometer
(Balzers QMA 200) with a Feulner cup positioned close to
the sample surface. TD spectra were acquired by recording
the mass signal of the double-charged molecule ion (M2+,
m/z = 265 amu) during a computer-controlled linear increase
of the substrate temperature from 290 K to 550 K with a
heating rate of β = 0.5 K/s. Temperatures were measured
via thermocouples directly attached to the samples’ surfaces.
The film morphology was characterized by AFM (Agilent
SPM 5500) operated in tapping mode at ambient conditions.
The crystalline structure and orientation of the films were
analyzed by means of XRD (Bruker AXS Discover D8) using
monochromatized Cu Kα radiation (λ = 1.5406 Å) and a
LynxEye silicon strip detector. A UV/Vis spectrophotometer
(Agilent 8453) and optical microscopy in combination with
spectral and polarization filters were utilized to characterize
the optical properties of the films.

III. RESULTS

A. Film morphology

In Fig. 1 we present AFM data showing the morphology
of PFP films prepared by molecular beam deposition onto
NaF(100) and KCl(100) surfaces. On sodium fluoride PFP
forms spicular islands whose size and azimuthal ordering de-
pend on the substrate temperature upon growth. As illustrated
in Fig. 1(a), deposition of PFP on NaF at substrate temperatures
of 310 K yields only small fibroid islands with lengths of
about 500 nm. Though some islands are aligned in parallel
with their neighbors, no global ordering occurs. Raising the
growth temperature to 343 K, however, yields largely increased
islands with typical lengths of more than 10 μm and a width
of about 300 nm that are uniformly aligned along 〈001〉
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FIG. 1. (Color online) Comparison of AFM data showing the
morphology of PFP films deposited on NaF(100) (left panels) and
on KCl(100) (right panels). (a),(e) Deposition at T = 310 K; (b),(f)
deposition at T = 343 K; (d),(j) statistical analysis of the island
orientation of latter samples. Panel (c) reveals a magnified micrograph
of (b) with accompanied line scan and panel (g) displays a magnified
detail showing an uncovered KCl substrate region. Panel (h) shows
an optical micrograph of a PFP film deposited at T = 363 K on KCl
together with (i) a corresponding AFM micrograph.

substrate directions appearing in two orthogonal rotational
domains according to the substrate symmetry [Fig. 1(b)].
This is made particularly clear by a statistical analysis of the
azimuthal ordering carried out for several large-area AFM
micrographs which is shown in Fig. 1(d). At these conditions
domains with same azimuthal island orientation of about
75 × 75 μm were observed for a nominal film thickness of
30 nm. Corresponding line profiles perpendicular to the needle
axis [see inset Fig. 1(c)] reveal distinct molecular steps of
1.5 nm that agree favorably with the (100)-layer spacing of
PFP, hence indicating an upright molecular orientation in these
needles like in the case of PFP films on SiO2.38

PFP films on KCl(100) also consist of elongated islands
which are, however, oriented along the 〈011〉 substrate azimuth
and again appear in two rotational domains. In contrast
to NaF a considerable azimuthal ordering occurs on KCl
already upon deposition at 310 K [Fig. 1(e)]. Also on this
substrate the long-range ordering and grain size can be largely
improved by raising the growth temperature, yielding an
optimal temperature of 363 K. At these conditions crystalline
islands of more than 200 μm are formed which could easily be
imaged by optical microscopy [see Fig. 1(h)]. Similar images
were observed throughout the entire sample and thus prove
the excellent global ordering of such films. In addition, AFM
data indicate that PFP islands on KCl(100) exhibit particular
straight lateral edges [see Fig. 1(i)] without any waviness
as it was found for PFP fibers on NaF(100) [cf. Fig. 1(b)].
Interestingly, no molecular steps were found on the PFP films
on KCl. Instead, the individual islands reveal a height of more
than 120 nm at a nominal film thickness of 30 nm, hence
reflecting a poor wetting of this substrate and a pronounced
islanding. As shown in Fig. 1(g) even noncovered KCl regions
were found that exhibit characteristic step bunches associated
with surface steps of the bare KCl substrate.

Attempts to also increase the size of PFP islands on
NaF(100) by raising the growth temperature to 363 K failed.
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Instead, no adsorption took place at all, and the substrate
remained completely uncovered and leads to the conclusion
that the sticking coefficient of PFP on NaF is drastically
reduced at this substrate temperature.

Furthermore, to compare the initial stage of PFP film growth
on both substrates the morphology of 3-nm films deposited at
343 K was analyzed. As shown in Fig. 2(a) thin PFP films
on NaF reveal similar characteristics except a reduced fiber
size than the thicker layers. By contrast, a rather different
morphology was found for such films on KCl where large
surface areas of more than 20 μm2 remain uncovered and
rather tall islands appear, thus suggesting poorer wetting than
on NaF [Fig. 2(b)]. Interestingly, not all of these islands are
oriented along the 〈011〉 azimuth of KCl like the islands in
thicker films, but some of them adopt an orientation along the
〈001〉KCl directions. While the former islands exhibit heights
of more than 50 nm the latter fibers are much longer and have
typical heights of 10–15 nm. Comparison with the orientation
of substrate steps of the bare KCl(100) surface suggests that
these fibers oriented along 〈001〉KCl can be attributed to step
decoration effects and are overgrown during further deposition.
Findings showing distinct differences in the interface structure
of PFP films on both substrates are further supported by an
inspection of the bottom side of the films. For this purpose
the water solubility of the alkali halide substrates was utilized
and the substrate was dissolved after the PFP films were fixed
by an elastomer glued onto the top side. Figures 2(c) and
2(d) compare AFM data showing the backside of PFP films
on both substrates. Beside the different epitaxial orientation
of the islands also different film roughnesses were found in
topographical line profiles for films grown on the various
substrates. The back side of PFP films on NaF reveals a
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FIG. 2. (Color online) AFM data of PFP films on NaF(100) and
KCl(100) showing (a),(b) the initial growth (nominal thickness 3 nm)
and (c),(d) the back side of 50-nm PFP films after the substrate was
dissolved in water. All samples were prepared at temperatures of
343 K.

roughness of less than 10 nm while height differences of more
than 100 nm are found for films on KCl, again indicating the
presence of completely uncovered regions.

B. Thermal stability

To compare the thermal stability of PFP films grown on
the different alkali halide substrates TDS measurements were
carried out. As shown in Fig. 3 all TD spectra reveal only
one distinct desorption peak around about 425 K for the
mass of the molecule ion. Since the peak area increases with
the respective film thickness while the ascending peak flank
remains identical on each substrate, it can be assigned to
multilayer desorption. A precise comparison of the thermal
stability of PFP films on the various substrates is rather difficult
because the apparent position of the peak maxima depends on
the actual film thickness. Therefore, we considered the onset
of desorption that was determined from the intersection of an
exponential ascending peak flank and a background signal.
As shown in the inset of Fig. 3 this analysis yields somewhat
different onset temperatures for PFP desorption of about 380 K
for KCl and 390 K for NaF, respectively. We note that although
the low thermal conductivity of alkali halides makes it rather
difficult to precisely measure surface temperatures, the present
data indicate that the differently oriented PFP films (described
in the next section) exhibit slightly different thermal stabilities.

No further desorption peak even at the mass of characteristic
fragments could be detected at higher temperatures, hence
indicating the absence of a firmly bound first monolayer.
The present system thus parallels the situation observed for
pentacene on SiO2 (Ref. 40) or graphite,41 where, in contrast
to pentacene adsorption on various metal substrates such as
Cu, Ag, Au (Refs. 42–44), or PFP on Ag (Ref. 45), no specific
monolayer can be prepared by heating.

C. Crystalline orientation

Though a preferential azimuthal alignment of the PFP
islands is clearly inferred from the AFM data additional
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FIG. 3. Thermal desorption spectra of PFP films of different
thickness deposited (a) on KCl(100) and (b) on NaF(100). All
spectra were recorded for the molecule ion and a heating rate of
β = 0.5 K/s.
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XRD measurements were carried out to derive more precise
information about the crystalline ordering and orientation.
Typical θ/2θ scans that were recorded in Bragg-Brentano
geometry are shown in Fig. 4(a). To verify the surface
alignment and to compensate a possible angular offset of the
diffractometer the simultaneously measured (200) substrate
reflex was used as an intrinsic reference. For PFP/NaF(100)
distinct reflexes were found at scattering angles of 5.74◦,
11.42◦, 17.14◦, and 22.86◦ which are in good compliance
with the positions expected for the (n00) peaks of the PFP
bulk structure36 [5.71◦, 11.41◦, 17.14◦, 22.92◦] with a layer
spacing of d(100) = 15.50 Å, thus proving the formation of
(100)-oriented PFP films on NaF(100).

Further information about the azimuthal orientation of
the crystalline PFP films was obtained from φ scans. For
(100)-oriented PFP films on NaF(100), where molecules
adopt an upright orientation, the (112)PFP reflex was chosen
because it reveals a high intensity in the powder spectrum
and represents a lattice plane that is largely tilted with respect
to the (100)PFP plane, hence providing a clear signature of
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FIG. 4. (Color online) X-ray diffraction data of 50-nm PFP films
grown on NaF(100) and KCl(100). (a) θ/2θ scans and azimuthal φ

scans recorded for (b) the (112)PFP reflex on NaF and (c) the (012)PFP

reflex on KCl together with magnified φ scans (insets) showing the
corresponding fine structure.

the in-plane orientation. In total, 16 peaks were observed
which can be reduced according to the substrate symmetry
to 4 different peaks positioned at φ = 36.7◦, 39.8◦, 50.2◦,
and 53.3◦ in the first quadrant as shown in Fig. 4(b). The
latter two peaks can be identified as (112)PFP reflexes which
are simultaneously detected because of their very similar
interplanar spacing [d(112) = 3.43 Å, d(112) = 3.46 Å]. Like
the (112)PFP reflex, they appear symmetrically distributed by
�φ1 = ±6.8◦ around the 〈011〉 substrate azimuth and indicate
the presence of mirror domains. In addition, they exhibit a
splitting of 2δφ = 3.1◦, which is attributed to an appreciable
mosaicity within the fibers. To obtain the lateral alignment
of the molecules from the φ scans we have considered the
line of intersection between the (100) surface plane and the
monitored (112) plane of the PFP film to get a projection
of the Bragg condition onto the surface plane [blue dashed
line in Fig. 5(a)]. Afterward, we used the PFP bulk structure
to calculate the angle α between this intersection line and a
suitable unit cell axis. Using the b axis of the PFP lattice, this
yields an angle of α = 51.8◦. This value has to be subtracted
from measured φ angles to extract the molecules’ orientation
relative to the high-symmetry direction of the substrate (cf.
Fig. 5). This analysis shows that the b vector (4.49 Å) of the
PFP lattice almost coincides with the 〈010〉 lattice vector of the
NaF(100) surface (4.62 Å), hence suggesting a stabilization of
PFP films due to a point-in-line relation between the lowermost
fluorine atoms of the upright-oriented PFP molecules and the
underlying sodium atoms of the NaF(100) surface as depicted
in Fig. 5(a). The small mosaicity of δφ = ±1.55◦ may be
attributed to the slight mismatch (3%).

Quite surprisingly, a rather different orientation was ob-
served for PFP films grown on KCl(100). In that case only
one distinct peak at 16.65◦ was found in the θ/2θ scans
while no (n00)PFP diffraction peaks appear [cf. second curve
in Fig. 4(a)]. The observed peak has been identified as
(102)PFP reflex, hence indicating a recumbent orientation of
PFP molecules as depicted schematically in Fig. 5(b). The
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bPFPPFP
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<010>
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α

FIG. 5. (Color online) Hard-sphere model illustrating the molec-
ular structure of epitaxial PFP films (a) on NaF(100) and (b) on
KCl(100). The green balls represent the outermost fluorine atoms that
are in contact with the substrate. For clarity only one rotational domain
is shown. The right-handed sketches show the molecule orientation
within the PFP needles (those not true to scale).
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corresponding azimuthal φ scans that were recorded for the
(012)PFP and (012)PFP reflexes (having the same interlayer
distance) reveal in total eight peaks as shown in Fig. 4(c).
According to the substrate symmetry, this number can be
reduced and yields one of each reflex per φ quadrant appearing
symmetrically at �φ2 = ±14.8◦ around the 〈011〉 substrate
azimuth. The further analysis of the molecular arrangement in
these planes projected onto the surface [dashed line in Fig. 5(b)
denoting the intersection between the (102)PFP and (012)PFP

planes] shows that the b vector is aligned along the 〈011〉 direc-
tion of the substrate. This alignment yields a rather close match
between the b vector and the 〈011〉 vector of KCl (4.45 Å)
with a lattice mismatch of less than 1%.

D. Optical properties

PFP films on both alkali halide substrates also show
strikingly different optical properties such as their color
appearance: PFP films on NaF exhibit a blue color while they
appear green on KCl independent of film thickness. UV/Vis
transmission absorption spectra allow a more detailed analysis
[shown in Fig. 6(a)] which are possible due to the transparency
of both substrates. Spectra of PFP films on NaF reveal an
intense absorption band at 1.75 eV and a weaker band at
about 2.3 eV (denoted as I and II). Both absorption maxima
are accompanied by weaker replica appearing shifted by
�E = 0.18 eV toward higher energies and might be attributed
to vibrational progressions of the photoexcitations. Note that in
a previous high-resolution electron-energy-loss spectroscopy
study of PFP films various in-plane stretching modes with
energies between 178 and 185 meV were observed.46 Alter-
natively, the fine structure could be assigned to an exciton
excitation with a Davydov splitting, which is expected for
crystalline molecular materials with nonprimitive unit cells
like in the case of pentacene.47–49 For PFP films on KCl the
second absorption band was not observed but instead an intense
third band (III) appears at 2.75 eV, which exhibits the largest
intensity at the first replica.

Correlating the measured absorbances with the different
molecular orientations within the crystalline films on both
substrates makes it possible to derive information on the
orientation of the corresponding transition dipole moments
(TDMs) by employing the selection rule Iabs ∼ | �E · −−−→

T DM|2.
The absence of absorption band III for films with upright-
oriented molecules indicates that TDMIII is oriented perpen-
dicular to the (100)PFP plane, hence proceeding essentially
along the molecular long axis. Similarly, the disappearance
of band II for PFP/KCl shows that TDMII is mainly oriented
perpendicular to the (102)PFP plane while its appearance for
PFP/NaF implies a significant component within the (100)PFP

plane, hence indicating that its main component is oriented
along [001]PFP. Note that a distinct polarization dependence
of absorption spectra has also been observed for PFP films on
SiO2 (Ref. 39) by spectroscopic ellipsometry measurement,
which are shown likewise in Fig. 6(a) for comparison. In
that case, however, a detailed analysis is hampered by an
isotropic in-plane distribution of PFP islands,38 whereas the
epitaxial ordering in addition enables an azimuthal analysis.
The extended crystalline domains that are observed in the
AFM data of PFP films [cf. Fig. 1(i)] could also be visualized
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FIG. 6. (Color online) Summary of optical properties of PFP
films. (a) UV/Vis transmission absorption spectra of 50-nm PFP
grown on NaF(100) and KCl(100), compared to PFP on SiO2

(Ref. 39) (lowermost spectra). The uppermost spectra of PFP/KCl
were recorded by using linear polarized light oriented along the
〈011〉 and 〈011〉 azimuth directions of KCl. Panels (b) and (c) display
polarized optical micrographs for PFP/KCl with polarization plane
oriented along the 〈011〉 azimuth illuminated with (b) blue light
(spectral region III) and (c) red light (spectral region I). Panel (d)
shows absorption intensities of PFP/KCl in spectral regions I and III as
functions of polarization direction. Panel (e) displays the orientation
of transition dipole moments with respect to the PFP lattice derived for
the different spectral excitations. Corresponding optical micrographs
with linear polarized light are shown (f),(g) for PFP/KCl and (h) for
PFP/NaF.

by optical microscopy in combination with polarization and
spectral filters. Figure 6(b) displays an optical micrograph of
a 50-nm PFP film on KCl(100) obtained with linear polarized
( �E‖〈011〉KCl) blue transmitted light by using a color filter
with pass-band in region III. The bright- and dark-appearing
domains change their contrast when azimuthally rotating the
polarization plane by 90◦ (not shown). Moreover, by changing
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the pass band and illuminating the film with red light (region I)
but the same polarization, the absorption contrast also changes,
as shown in Fig. 6(c), which proves the orthogonality of the
TDM of absorption bands I and III. The excitation of band
I occurred at light polarization perpendicular to the needles’
long axis, while band III was excited when the polarization
was parallel to this axis. A similar effect was observed in
the polarization micrographs of PFP films on NaF(100). In
that case absorption of band I occurs if the light is polarized
along the spicular axis of the islands while band II becomes
excited if the polarization plane is perpendicular to this
axis (not shown).

Figures 6(f) and 6(g) show optical micrographs of 150-nm
PFP films grown at TDep = 343 K onto KCl(100) that were
illuminated with linear polarized white light. Evidently, the
effective colors of the islands depend on the direction of light
polarization. While islands that are oriented with their long
axis parallel to �E appear blue, the ones aligned normal to
�E appear in a green-red fashion. A similar effect was also

found for PFP layers on NaF(100), as shown in Fig. 6(h) for
150-nm film grown at TDep = 343 K. In this case light polar-
ization along the islands’ long axis yields a turquoise color
appearance, and crystallites that are rotated by 90◦ appear
pink.

Optical polarization micrographs show further that
symmetry-equivalent rotational domains of PFP films on
KCl(100) are not uniformly distributed across the sample.
Actually, areas with lateral extensions of more than 1 mm were
found that exhibit only one domain orientation. In combination
with an aperture and a polarization filter this made it possible to
acquire UV/Vis spectra of one specific crystalline phase, hence
enabling the characterization of a locally uniform crystalline
region with well-defined polarization. The uppermost spectra
in Fig. 6(a) show two typical absorption spectra that were
obtained for polarization planes oriented along 〈011〉 and 〈011〉
directions of the KCl(100) surface and exhibit a complemen-
tary azimuthal anisotropy for the absorption bands I and III.
Figure 6(d) shows the intensity of absorption bands I and III
as function of polarization direction β. The observed twofold
symmetry is due to the equivalence of light polarization along
β and β + 180◦. The peak positions of band I at 45◦ and of
band III at 135◦ are in perfect concordance with the optical
micrographs.

From the conditions that TDMI is located within the
(102)PFP plane and also orthogonal to TDMIII, which in turn
is progressing along the [100] direction of PFP, leads to
the conclusion that TDMI has a main component oriented
along [010]PFP. By combining the results of the in-plane XRD
scans and optical micrographs we can conclude further that
absorption band III represents an excitation perpendicular to
band I along the long axis of PFP islands on KCl, showing
that this axis is oriented along the [010] direction of PFP.
We note that the observed TDM directions of bands I and II
differ strongly from the single-molecule axes. For example,
TDM I is oriented along [010]PFP and therefore rotated
by 45◦ relative to both single molecules in the PFP unit
cell [cf. Fig. 6(e)].

IV. DISCUSSION

The present AFM and XRD data yield a pronounced
epitaxial growth of PFP films on KCl(100) and NaF(100)
surfaces. Although molecules are only weakly adsorbed on
both alkali halide substrates, and in particular reveal no firmly
bound wetting layer, like on metal surfaces,45 which is inferred
from the absence of any monolayer-related thermal desorption
peak, quite surprisingly they adopt rather different molecular
and crystalline orientations on both substrates. On sodium
fluoride PFP molecules exhibit an upright orientation like films
grown on SiO2 (Ref. 38). The epitaxial alignment of the formed
spicular islands along the 〈010〉 azimuth of the substrate can
be attributed to the good accordance of this NaF lattice vector
and the b vector of PFP.

In contrast, PFP molecules adopt a rather recumbent
orientation on KCl and form (102)PFP-oriented films that also
consist of spicular islands. Within the (102)PFP contact plane
the PFP molecules are slightly tilted so that actually only one
outermost fluorine atom [indicated by green balls in Fig. 5(b)]
is in direct contact with the substrate. The PFP islands on
KCl(100) are oriented along the 〈011〉 substrate azimuth and
again are stabilized by a close match of the corresponding
lattice constant with the b vector of PFP. A closer inspection
reveals further that along the direction perpendicular to the b
vector such contact points exhibit also a perfect higher-order
commensurability with the nearest K+–K+ distance, dK+K+ ,
within the KCl(100) surface (15 × dKK = |4a − 2c|), thus
providing an additional stabilization. We attribute the epitaxial
ordering that is illustrated schematically in Fig. 5 to an
electrostatic coupling between electronegative fluorine atoms
and Na+ or K+ cations of both surfaces. This assignment is
further evidenced by additional growth experiments carried
out for PFP films on ZnO(1120). Although this surface also
has a rectangular unit cell and a good compliance of the
nearest-neighbor Zn distance (dZn−Zn = 4.58 Å) with the b
vector of PFP (misfit 2%) no epitaxial ordering was observed
which is attributed to the smaller ionicity of Zn compared to
the alkali metal ions.

Comparing the quality of PFP islands formed on both
substrates reveals that fibers on NaF exhibit a noticeable
waviness while they appear rather straight on KCl. This
observation can be related to the peak splitting of 2δφ = 3.1◦
found in the polar x-ray scans [cf. Fig. 4(b)] and indicates an
appreciable mosaicity within the crystalline fibers.

Besides a different crystalline orientation of PFP films
adopted on both alkali halide substrates differences were also
obtained with regard to their wetting and sticking properties.
As shown in Fig. 2 deposition of 3-nm PFP leads to covering
of a large fraction of the NaF(100) surface, but an equivalent
deposition yields tall islands on KCl(100) while the most part
of the substrate surface remains uncovered. This reflects rather
different wetting properties and most likely also different
diffusion lengths of the unequally oriented molecules yielding
various apparent film roughnesses. To verify that the different
roughness obtained for the initial stage of film growth is
characteristic of the respective PFP/alkali halide interfaces also
the bottom side of thicker PFP films was inspected after the
soluble substrates had been dissolved. Corresponding AFM
data [cf. Figs. 2(c) and 2(d)] reveal the same morphology
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as the upper sides. In particular, the pronounced azimuthal
ordering of the islands can be recognized which exhibit a very
different roughness, yielding tall but laterally extended islands
on KCl, while PFP fibers on NaF are more narrow, yielding
smaller grooves in between. A comparison of temperature-
dependent film depositions showed that the size of the formed
islands could be largely improved and yielded the largest
PFP islands upon growth at 363 K on KCl. Interestingly, at
this temperature PFP does not adsorb on the NaF surface,
which instead remained uncovered and thus indicates distinct
differences in the initial sticking coefficient at elevated
temperatures.

Comparing the onset of multilayer desorption determined
from the present TDS measurements indicates a slightly larger
thermal stability for the (100) surface of PFP than for the
(102)PFP surface which might be attributed to differences in
the respective surface energies. As the molecules are upright
oriented and closely packed within the (100)PFP surface, they
have a larger coordination compared to those within the
(102)PFP surface, which adopt a recumbent orientation (cf.
Fig. 5).

Epitaxially ordered films have been observed before at the
growth of various organic compounds on alkali halide sur-
faces, such as, for example, para-phenylene,22–24 pentacene,26

phthalocyanines,27,28 or TTF/TCNQ.29,30 In those cases, how-
ever, coexisting other phases also appeared or similar orienta-
tional growths were found on different alkali halide substrates.
By contrast the presently studied PFP films adopt different ori-
entations on the various alkali halides but in each case appear in
one exclusive phase. This behavior is distinctly different from
the well-known growth scenario of organic compounds on met-
als and insulators, where strong adsorbate-substrate interaction
often leads to recumbently oriented molecules, while weakly
interacting insulator substrates normally induce upright-
standing molecules. Apparently, a weak substrate interaction
combined with a large diffusion length is an important prereq-
uisite to achieve long-range ordered organic films like in the
case of PFP films on KCl(100). On the contrary, on metals such
an adjustment is not possible and the stress release between a
chemisorbed seed layer and subsequently grown multilayers
typically lead to dewetting and molecular reorientation.31

The fortunate situation that crystalline PFP films with
different orientations are formed on the various alkali halide
substrates enabled rather detailed directional and polarization-
dependent optical absorption measurements. This data allowed
in particular to determine the spatial orientation of transition
dipole moments (TDMs) of the various optical excitation
bands that are summarized in Fig. 6(e).

The analysis shows that the TDMs of bands I and II are
both oriented parallel to the (100) plane of PFP. Considering
furthermore that both PFP molecules of the unit cell are aligned
nearly perpendicular to each other, a similar angular azimuthal
dependence is expected for these two absorption bands since

both molecules have nearly the same projection with respect to
the [010] and [001] directions of the PFP lattice. In contrast to
this expectation our data show, however, a strong anisotropy, as
band I is excited when light polarization is parallel to [010]PFP

and band II is excited by light polarized along [001]PFP.
[cf. 6(g)]. The observed difference thus suggests that the
asymmetric packing motifs that is, coplanar stacks along [010]
vs herring-bone piles along [001] directions of the PFP lattice
have a wide influence on the photoexcitation in such materials.

By combining the optical micrographs and the determined
TDM information, the molecule orientation within the needle-
like PFP islands on NaF and KCl could be analyzed. On
both substrates the molecules coordinate with their b axis
parallel to the needles’ long axis. The orientation perpendicular
to the long axis differs on both substrates. On NaF the
molecules align with the [001] direction along the short axis,
while they arrange in the [201] direction along this axis on
KCl.

The different color appearance of PFP thin films that was
mentioned above can easily be explained by means of these
thoughts. For example, since TDMI is oriented along [001]PFP,
the areas of the PFP film that are oriented with their [001]PFP

direction parallel to �E absorb the red part of the incident light
spectrum, thus appearing blue, as demonstrated by the optical
micrograph shown in Fig. 6(g).

V. CONCLUSION

In summary, we have observed a peculiar growth mode
for PFP films on NaF(100) and KCl(100) surfaces. On both
substrates epitaxially ordered, crystalline PFP films are formed
but exhibit different molecular and crystalline orientations.
In combination with the optical transparency of the alkali
halide substrates this enabled detailed optical transmission
measurements along various crystal axes of the PFP lattice.
Moreover, from polarization-dependent measurements we
were able to determine the spatial orientation of the transition
dipole moments of various optical excitations and found
evidence of a directional anisotropic exciton coupling in
PFP. The present study provides rather detailed experimental
data on the optical properties of PFP crystals and hopefully
will stimulate future theoretical studies that help to under-
stand the exciton dynamics in such organic semiconducting
materials.
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5.2.1 Abstract

The crystalline structure and orientation of perfluoropentacene (C22F14, PFP) fibers
formed upon thin-film deposition onto SiO2 substrates have been studied by means of
transmission electron microscopy (TEM), atomic force microscopy (AFM), and x-ray
diffraction. The synopsis of TEM micrographs and diffraction patterns enhances the
understanding of local crystal orientation on small length scales. The relationship of the
PFP fiber morphology with the crystalline arrangement of PFP molecules within single
fibers was established using this technique. Radiation damage, which is a critical problem
for TEM investigations of organic materials, is described and the sample morphology after
TEM investigations is correlated with AFM measurements of samples previously examined
by TEM.

5.2.2 Methods

Atomic Force Microscopy, Organic Molecular Beam Deposition, Transmission Electron
Microscopy, X-Ray Diffraction

5.2.3 Own Contribution

The general idea for this experiment was developed in discussion with Wiebke Witte,
Andreas Beyer, Kerstin Volz and Gregor Witte. I have prepared all samples, conducted
all AFM and XRD measurements and interpreted the data as well as prepared them for
publication. The TEM data was acquired by Benedikt Haas, Wiebke Witte and Andreas
Beyer. The manuscript was written in close cooperation and discussion between Benedikt
Haas, Kerstin Volz, Gregor Witte and myself.
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The crystalline structure and orientation of perfluoropentacene (C22F14, PFP) fibers formed upon

thin-film deposition onto SiO2 substrates have been studied by means of transmission electron

microscopy (TEM), atomic force microscopy (AFM), and x-ray diffraction. The synopsis of TEM

micrographs and diffraction patterns enhances the understanding of local crystal orientation on

small length scales. The relationship of the PFP fiber morphology with the crystalline arrangement

of PFP molecules within single fibers was established using this technique. Radiation damage,

which is a critical problem for TEM investigations of organic materials, is described and the

sample morphology after TEM investigations is correlated with AFM measurements of samples

previously examined by TEM. VC 2011 American Institute of Physics. [doi:10.1063/1.3646549]

I. INTRODUCTION

Organic semiconductors have attracted considerable

attention because of their promising potential for the fabrica-

tion of thin-film organic electronic devices.1–5 Among the

molecular materials used for such applications, polycyclic

aromatic hydrocarbons are of particular interest because they

form crystalline films that exhibit high charge carrier mobili-

ties. Previous studies have shown that the resulting device

characteristics critically depend on the degree of crystalline

ordering of the organic layers.6 Moreover, the shape aniso-

tropy of the molecular entities also causes a pronounced

directional ordering and packing in the crystalline phase7

and commonly leads to rather anisotropic charge transport

along the various crystallographic directions.8,9 Therefore, a

precise characterization of the microstructure of organic thin

films10,11 is of vital interest for a detailed understanding of

the properties of such molecular materials.

Because organic thin films are usually polycrystalline,

x-ray diffraction (XRD) measurements can provide precise

information about lattice constants and crystal structure, but

hardly determine in-plane ordering. Although micro-spot dif-

fraction has become available in some synchrotron facilities

of the third generation,12,13 a precise relation of local diffrac-

tion and corresponding morphology remains problematic

because of the lack of simultaneous imaging. By contrast,

transmission electron microscopy (TEM) offers the unique

advantage that micrograph and corresponding local diffrac-

tion pattern can be acquired at the same positions, and the

possibility to collect diffraction data from submicron-sized

areas is unmatched by XRD. Though complicated by

electron-induced radiation damages of organic materials,

TEM has been successfully used to characterize polycrystal-

line organic semiconductor films.14–17 In that way, for exam-

ple, rather detailed information on the local structural

transformation between different crystalline phases has been

obtained for pentacene thin films.18

Here we report for the first time a TEM characterization

of perfluoropentacene (PFP) films grown on SiO2. A previ-

ous XRD study of PFP on SiO2 has shown that deposition of

this newly available n-type organic semiconductor19 on sili-

con oxide yields crystalline fibers that exhibit a distinct

(100) texture but with an isotropic azimuthal distribution.20

Two different crystalline phases have been determined

for PFP; a bulk phase (a¼ 15.51 Å, b¼ 4.49 Å, c¼ 11.45 Å,

a¼ 90�, b¼ 91:567�, c¼ 90�),19 which is slightly modified in

thin films on some substrates (a¼ 15.76 Å, b¼ 4.51 Å,

c¼ 11.48 Å, a¼ 90�, b¼ 90:4�, c¼ 90�) (Ref. 27) (both

structures exhibit the monoclinic space group P21=c) and a

new polymorph on Ag(111) that reveals an interlayer spacing

of 3.16 Å, thus indicating a rather declined molecular orienta-

tion. Because of their strong similarity, the bulk and thin-film

phases could not be told apart by TEM electron diffraction.

In the present work we have studied the crystalline
structure of such fibers by using TEM in combination with

atomic force microscopy (AFM) and XRD. First, damage
because of electron irradiation has been characterized for the

studied films concerning interior and exterior changes of the
fibers. The degradation of organic materials in the TEM is a
serious issue and a complex process that is not fully under-

stood.21 In principle, the highly accelerated electrons break
chemical bonds, leaving radicals. These radicals form new
bonds, changing the local structure of the compound and

destroying the crystalline order. Empirical formulas describe
the exponential decline of diffraction intensities of irradiated

polymers of different kinds to some extent (Kumar and
Adams22). More sophisticated models are obtained by taking
into account not only the irradiation dose, but also the dose

rate.23 However, the stability of the sample also depends on
the geometry; thicker, larger samples that are only partially
illuminated are able to spread the heat.21 Good contact to the

substrate allows for better electrical and thermal transport
away from the irradiated area. Furthermore, sputter-coating

with a nanometer-thick carbon film and cooling of the speci-
men enhances this effect.24 Other authors attribute the posi-
tive influence of carbon-coatings to diminished diffusion of

split-off peripheral atoms, thus recombining more likely in
the original configuration.25 In addition to this unclarity, the
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degradation process itself is not fully characterized by the
decay of diffraction intensities. As changes in electrical con-

ductivity, thermal expansion coefficients, and strain proper-
ties in polymers indicate, microscopic rearrangements take
place that might be not fully correlated to the overall diffrac-

tion intensities.22 Nevertheless, the determination of diffrac-
tion decay is an admissible indicator for the loss of basic
material parameters. For samples with anisotropic topogra-

phy, an individual behavior in degradation dynamics is
expected. This is particularly true for films that strongly vary

in thickness, as the critical electron exposure is roughly pro-
portional to the thickness of the specimen.26

Based on the investigations performed for the PFP films

grown in this study, reliable imaging conditions for the or-

ganic material were defined, which were used for the subse-

quent analysis.

Data from AFM, XRD, and TEM are in agreement, con-

firming the (100) orientation of PFP on SiO2. Furthermore,

the monocrystallinity and molecular arrangement of single

fibers is demonstrated by correlating real and reciprocal

space information available in a TEM.

II. EXPERIMENTAL

All PFP films were grown onto (100)-oriented silicon

wafers covered by a native oxide layer. The samples were

cleaned by rinsing in absolute ethyl alcohol and acetone, fol-

lowed by heating at 475 K after transfer into the vacuum sys-

tem. To provide electron transparent samples, the wafers had

been thinned by dimpling and ion milling until a defined

hole with a diameter of about 10 lm was obtained prior to

the transfer into the vacuum system. The PFP (Kanto Denka

Kogyo Co., Ltd.) thin films were prepared under high

vacuum conditions (base pressure �10�8 mbar) by organic

molecular beam deposition (OMBD) from a resistively

heated Knudsen cell at typical deposition rates of 6 Å/min as

determined by a quartz-crystal microbalance. The sample

surface temperatures were controlled with a K-type thermo-

couple attached to the sample holder. JEOL 2100-Cryo and

JEOL 3010-UHR transmission electron microscopes at

acceleration voltages between 100 and 300 kV were used to

acquire the electron micrographs and micro-spot diffraction

patterns. The TEM samples were cooled to a temperature of

90 K during the investigations to minimize the radiation

damage caused by the electron beam. These data were

completed by ex situ measurements of the morphology and

crystallography of the PFP films. The film morphology was

characterized by AFM (Agilent SPM 5500) operated in tap-

ping mode at ambient conditions, whereas the average crys-

talline orientation of the films was determined from XRD

data acquired with a diffractometer (Panalytical X’Pert Pro)

using Cu Ka radiation (k¼ 1.5405 Å) and a PiXcel detector.

III. RESULTS

The paper is organized as follows: first we describe

investigations on the electron radiation damage of the PFP

films used for this study. From these experiments, experi-

mental conditions in the TEM were derived, which were

used for the subsequent investigations of the morphology

and structure of PFP films deposited onto SiO2 substrates

under different conditions.

A. Beam damage

To optimize imaging conditions for the PFP films inves-

tigated, the acceleration voltages of the various microscopes

were varied in a range between 100 kV and 300 kV. More-

over, the sample temperature during the TEM measurements

was varied between liquid nitrogen and room temperature.

For each set of conditions, diffraction as well as image data

was acquired and the time was measured, after which the

crystalline structure of the PFP films was destroyed. For this

information, the disappearance of crystalline Bragg reflec-

tions was used. Figure 1 shows a series of electron diffrac-

tion patterns taken under low-dose conditions, exhibiting the

typical decay of diffraction intensity. The intensity in the

Bragg reflections vanishes with time, whereas the spots

remain at their respective positions, indicating that the crys-

tal structure of the undisturbed material stays unchanged.

The disappearance of the Bragg reflections is, of course, also

a strong function of the electron density as well as of the

sample parameters, as summarized in the introduction above.

By comparison, a sequence of consecutive dark-field

images is shown in Fig. 2. Two effects are superimposed; in

addition to the slow degradation (indicated by the decrease

of overall intensity), the strongly diffracting areas seem to

gradually move in certain directions (see markers in Fig. 2).

This second effect can be attributed to a small bending of the

fibers because of heat transferred into the material during

electron irradiation or because of strain generated as a result

of expansion during the amorphization process. This bending

results in the non-fulfillment of Bragg-conditions for selected

sample regions and hence a darker contrast in dark-field

images.

FIG. 1. Electron diffraction patterns showing the stepwise degradation of a

PFP film in (100) orientation (cooled to liquid-nitrogen temperatures, 300-kV

acceleration voltage): (a) initial image, (b) after about 80 s, (c) irradiated for a

total time of�120 s, and (d) no spots are visible after �160 s.
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We conducted systematic experiments to determine the

influence of the electron energy and the sample temperature

on the stability. The time depicted in Fig. 3 is the duration

for which Bragg reflections could be observed by the naked

eye (i.e., minimum contrast in the range of 5%). Because of

the reasons given in the introduction, which explain that crit-

ical dose rates for destruction of the material depend on sev-

eral conditions, and because of the lack of a (screened)

Faraday cup (which is crucial to reliably determine the cur-

rent density), the dose rate in Fig. 3 is given in arbitrary units

and not in units of e/Å2 (as a very rough estimate the critical

dose was evaluated to be around 100 e/Å2). Despite the

errors that arose with this method (sample thickness depend-

ence, etc.), a clear trend can be observed: Lower sample tem-

peratures and, more interestingly, higher electron energies

enhance the stability. Hence, the reduction in effective cross

section is more important than the higher kinetic energy of

the electrons. This result holds for a destruction mechanism

by separating peripheral atoms.25

Following this study, the investigations summarized in

the remainder of this paper were carried out under low-dose

conditions at acceleration voltages of 200 kV and 300 kV,

respectively, and at liquid-nitrogen sample temperature.

To complement this characterization and to also study

the impact of radiation exposure on the morphology of the

PFP films, a series of AFM data was taken before and after

the TEM measurements. As shown in Fig. 4 the morphologi-

cal motif of the film remains the same, but the spicular

islands show a pitted surface after the electron irradiation,

whereas they had been rather smooth before. This finding is

in agreement with high-resolution investigations of various

organic crystals, including polycyclic compounds.26 The

irradiation damage seems to occur and progress inhomogene-

ously; the compound degrades pointwise. While the dam-

aged areas spread, the surrounding material stays crystalline

until it is reached by the expanding amorphous regions.

B. PFP film morphology and crystallinity

PFP films that are grown on silicon dioxide consist of

spicular islands as shown in Fig. 5. Upon room-temperature

deposition, these fibers exhibit typical sizes of about

1 lm�150 nm. Though some neighboring fibers reveal a

parallel alignment, the islands are azimuthally isotropic dis-

tributed on the amorphous substrate, yielding a typical film

roughness (rms) of 5.47 nm for 30-nm films. Nevertheless,

the fibers exhibit a pronounced texturing that is evidenced by

corresponding x-ray diffraction data shown in Fig. 5(e). The

h=2h scan reveals distinct peaks at 5:65�, 11:32�, 16:99�, and

22:7� that correspond well to the (h00) peaks of the PFP bulk

lattice,19 consequently proving the expected (100) orienta-

tion of PFP islands as observed before by Kowarik et al.20

By raising the substrate temperature during deposition to 343

K, the crystallites become distinctly larger and reach lateral

dimensions of up to 6 lm� 400 nm (cf. Fig. 5(c)). This rip-

ening effect is attributed to the enhanced diffusion of the

molecules at the higher substrate temperature. On the

FIG. 2. (Color online) Sequential dark-field images of PFP fibers (contour

of one fiber schematically marked in (a). As time passes, the location of

strong diffraction contrast (e.g., marker) drifts (a) to (d). Simultaneously, the

integrated intensity decreases during the �2 min of irradiation by 200 keV

electrons between (a) and (d).

FIG. 3. (Color online) Stability of PFP during electron irradiation for differ-

ent acceleration voltages and sample temperatures.

FIG. 4. (Color online) Comparison of AFM micrographs of a 30-nm PFP

film grown onto a dimpled SiO2 substrate before (lhs) and after (rhs) TEM

measurements.
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extended fibers, individual monomolecular steps with a

height of 1.5 nm have been clearly resolved in the AFM data

(see Fig. 5(d)), which are in close agreement with (100) inter-

layer spacing of PFP, thus reflecting the upright orientation of

PFP molecules on silicon dioxide. Interestingly, a ripening of

the fibers could not be achieved by post-deposition annealing

of films that were grown at room temperature. Instead, the

size of the fibers almost remains constant whereas some areas

of the film smooth out, leading to larger plateaus with molecu-

lar evenness as depicted in Fig. 5(b).

TEM bright-field images (Figs. 6(a) and 6(b)) show the

same spicular ordering of the PFP fibers as concluded from

the AFM data. Several fibers have been marked in the re-

spective bright-field images for clarity. The crystalline PFP

needles arrange themselves in bundles, where the single

fibers lie parallel to each other. The dimension of the bundles

as well as of the single fibers increases with increasing depo-

sition temperature from 300 K to 343 K. Diffractograms of

10-lm sized areas show a polycrystalline structure (Fig.

6(e)), whereas small areas (about 1 lm in diameter), which

contain only a few parallel fibers, give rise to monocrystal-

line diffraction patterns (Fig. 6(f)). From the width of the

Bragg reflections in Fig. 6(f) it can be concluded that neigh-

boring fibers in the bundles have the same orientation with

an angular deviation less than 10�. Both diffraction patterns

support a (100) orientation of the PFP films, as will be shown

in Fig. 7. For the dark-field micrographs 7(c) and 7(d) an

objective aperture diameter was chosen that led to imaging

with several spots. The dark-field images indicate that the

fibers are monocrystalline at both deposition temperatures

with a significant amount of lattice plane bending along the

single fibers, which results in inhomogeneous dark-field con-

trast along the fibers. This can be seen more clearly from

enlargements of selected regions of Figs. 6(a) and 6(c),

respectively.

To address the crystalline orientation of single fibers,

microspot diffraction was carried out. In Fig. 7, two diffrac-

tion patterns are shown exemplarily and correlated to the

corresponding bright-field images. These spot diffraction

patterns prove that the single needles are monocrystalline.

The diffraction patterns were simulated using the software

package JEMS,28 and the bulk phase of PFP,19 as a structure

input. The best fit between the experimental images and the-

oretical models was obtained for a (100) orientation of the

PFP crystal, as already observed in an XRD study carried out

by Kowarik et al.20 for films deposited under similar condi-

tions and supported by XRD measurements presented in this

work. The diffraction pattern shown in Fig. 7(a) is indexed

with the reflections of this orientation. In the two bright-field

images the strong contrast results again from bending of the

silicon substrate used. The contrast of the PFP film investi-

gated is much weaker. For clarity, the long axes of the fibers

are marked with broken lines in each bright-field image and

the arrows indicate the sideways boundaries. The orientation

of the real and reciprocal space images is the same and the

broken lines in the diffraction patterns show the needle

orientation of the bright fields as a guide to the eye. A

FIG. 5. (Color online) AFM micrographs showing the morphology of

30-nm PFP films on SiO2: (a) grown at 300 K, (b) after subsequent heating

at 343 K for 17 h, (c) grown at 343 K, together with (d) corresponding line-

scan. The insets reveal amplitude images of a zoomed area and panel (e)

shows a h=2h x-ray scan of sample (a).

FIG. 6. (Color online) Bright-field (a) and (b), and dark-field (c) and (d)

images for substrate temperatures of 300 K (a) and (c). and 343 K (b) and

(d), respectively. The dark lines in the bright-field images are bending coun-

tours in the silicon substrates. In (e) a diffraction pattern of a �10-lm sized

area of (b) is shown, in (f) a diffraction pattern of the same film is shown,

but from an area of �1 lm in diameter.
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correlation reveals that the (010) direction of the PFP crystal

is always oriented along the long axis of the fibers, whereas

the sideways boundaries are always parallel to the (001)

planes. This orientation relationship has been found for all

fibers investigated.

The results of the TEM investigations on the crystalline

structure of the PFP fibers on SiO2 substrates are summar-

ized in Fig. 8. Note that the presented visualization of the

molecular arrangement in PFP films corresponds to a rectan-

gular unit cell. As the PFP unit cell is monoclinic, this visu-

alization is not completely correct. Because the angle

between planes (001)/(010) and (100) is 91.56� (90.4� in

thin-film phase) we decided to use this visualization for rea-

sons of simplicity. The needles have a distinct shape aniso-

tropy with a long/short axis length-ratio in the range of 10.

TEM as well as XRD data agree on the upright orientation of

the PFP molecules on the surface resulting in the (100) plane

of the PFP bulk phase being parallel to the Si/SiO2 surface.

A comparison of TEM diffraction with real space data con-

firms that the molecular arrangement in the needles is identi-

cal for all samples under investigation. The close-packed

(001) planes of the PFP crystal form the sidewall of the nee-

dles, whereas the (010) plane is perpendicular to the long

axis of the needles. This structure is probably favored by the

large effective contact area of the stacked molecules in (010)

direction compared to the small interaction area of molecules

that attach to the (001) planes to form a new row (see the

molecules marked in Fig. 8). This conclusion is supported by

the fact that this ordering is also observed for PFP on sodium

fluoride.29

For PFP films on other anorganic substrates, dewetting

accompanied by the formation of undercut structures has

been observed.29 To address this, intensity scans perpendicu-

lar to the fibers in TEM dark-field images were performed.

Under certain tilting conditions (two-beam case) and up to a

maximum film thickness—which is for C-based compounds

above 100 nm—the dark-field intensity increases linearly

with sample thickness. In Fig. 9, a linescan across a dark-

field image of PFP deposited at 343 K is shown. One

observes an increasing intensity from the edge to the center

of a fiber bundle. This intensity increase corresponds to the

stepped profile already observed in the AFM scans, thus indi-

cating the absence of voids underneath the surface of the

PFP film. Consequently, PFP on SiO2 wets the surface and a

filled triangular structure is established for the deposition

conditions used.

IV. SUMMARY

In summary, the morphology and crystalline structure

of PFP films on silicon dioxide substrates were examined

using a correlation of AFM, XRD, and TEM data. For the lat-

ter, imaging conditions, which minimize the radiation damage

that destroys the organic material were determined and used

afterward; PFP is shown to grow as monocrystalline spicular

fibers on amorphous silicon dioxide with parallel needles

arranging to larger bundles. Single fibers are rotated with

FIG. 8. (Color online) Schematic model of the crystalline orientation of the

PFP fibers on SiO2 derived from the present TEM data. The marked mole-

cules show the difference in the effective contact area for (010) and (001)

planes that could explain the shape of the needles. Note that the presented

visualization of the molecular arrangement in PFP films corresponds to a

rectangular unit cell. As the monoclinic angle of the PFP phases is very

close to 90�, we decided to use this visualization for reasons of simplicity.

FIG. 9. (Color online) Intensity-scan perpendicular to the PFP fibers (grown

at 343 K).

FIG. 7. (Color online) Two examples of the orientation relation of fibers

and corresponding diffration patterns. The fibers are monocrystalline with

constant orientation of the molecules. The broken lines indicate the direction

and the arrows the boundaries of the fibers in the bright-field images (b) and

(d). A parallel line is sketched in the respective diffraction patterns (a) and

(c) as a guide to the eye and the transparent spots mark the locations of the

simulated Bragg reflections using bulk phase data. The dark lines in (b) and

(d) are bent contours from the silicon substrate.
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respect to each other around their azimuth. The PFP orienta-

tion has been determined by microspot electron diffraction in

agreement with XRD to be (100) orientation. Correlation of

real space micrographs and diffraction patterns revealed the

crystallographic structure of the fibers; their long axis is ori-

ented perpendicular to the (010) planes of the PFP crystal and

the sidewise boundaries are formed by the (001) planes of the

PFP crystal. This general orientation might arise during

growth because of the large interaction area for a PFP mole-

cule with the preexisting fiber when attached to the end of the

needle on a (010) plane compared to the almost freestanding

molecule that starts a new row, as it is omnipresent for PFP.

The PFP/SiO2 system was used as a demonstration of

the power of TEM measurements. Through the azimuthally

isotropic distribution of PFP needles, the microscopic mole-

cule arrangement could be determined by a combination of

imaging and diffraction techniques.
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5.3 Article III: Interrelation between Substrate Roughness and
Thin-Film Structure of Functionalized Acenes on Graphite

Reproduced with permission from
T. Breuer, I. Salzmann, J. Götzen, M. Oehzelt, A. Morherr, N. Koch, and G. Witte,
Crystal Growth & Design 11 (2011), 4996-5001. http://dx.doi.org/10.1021/cg200894y.
Copyright 2011, American Chemical Society.

5.3.1 Abstract

Using atomic force microscopy (AFM) and X-ray diffraction (XRD), we analyzed the
growth of differently modified pentacenes (perfluoropentacene and pentacenetetrone) on
graphite and demonstrate that both the resulting morphology and the crystalline structure
of the films critically depend on the microroughness of the substrate. On well-ordered
highly oriented pyrolytic graphite (HOPG) surfaces prepared by exfoliation, both molecular
materials form exceptionally smooth films, which consist of large-area molecularly flat
islands yielding an overall low roughness. Interestingly, in these films molecules adopt
a recumbent orientation, while on defective substrates, created by brief ion sputtering,
the molecules adopt an upright orientation and form nonconnected islands exhibiting
a significantly increased film roughness. Our study not only underlines the possibility
to prepare very smooth films on a weakly interacting substrate but also emphasizes the
importance of a proper substrate preparation and the significance of precise knowledge of
substrate-surface properties to control the resulting structure of organic films.

5.3.2 Methods

Atomic Force Microscopy, Organic Molecular Beam Deposition, Polarized Optical Mi-
croscopy, Low Energy Electron Diffraction, X-Ray Diffraction

5.3.3 Own Contribution

I have prepared all samples and conducted the AFM, LEED and Polarized Optical
Microscopy measurements, except for the AFM measurement of the post-heated PFP
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sample on pristine HOPG (Fig. 5), which was conducted by Antonia Morherr. Jan Götzen
has produced some preliminary results. Ingo Salzmann and Martin Oehzelt acquired the
XRD data after my request. I prepared the data for publication and wrote the major part
of the manuscript, while Ingo Salzmann, Martin Oehzelt, Norbert Koch and Gregor Witte
helped to improve it.
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1. INTRODUCTION

Owing to the anisotropic shape of π-conjugated aromatic
molecules and the related anisotropic intermolecular interac-
tions, these compounds generally adopt complex packing motifs
in the crystalline phase, like, for example, layered stacking and/or
herringbone arrangements.1 These structural features also result
in a pronounced anisotropy of electronic and optical properties
of organic crystals2 and crystalline molecular films.3�6 Therefore,
precise control of molecular and crystalline orientation during
film growth is inevitable to utilize and explore the remarkable
optoelectronic properties of suchmaterials. Moreover, it is also of
prime importance for an optimized fabrication of organic thin-
film devices. Previous studies have shown that the structure of
organic films is mainly governed by a competition between inter-
molecular and molecule�substrate interactions. On metal sub-
strates, this initially favors a recumbent adsorption geometry of
planar π-conjugated molecules, whereas an upright orientation is
frequently observed on weakly interacting substrates such as
SiO2.

7 Subsequent molecular film growth on metals is in many
cases accompanied by distinct dewetting and island formation,8�10

while the actual molecular orientation depends critically on the
surface roughness. In contrast tomolecular films that were grown
on well-ordered single-crystalline metal surfaces, the recumbent
molecular orientation of the lowermost seed-layer is not retained
in multilayer films if grown on polycrystalline metals. There, a
preferential upright molecular orientation has been observed for
variousmolecular compounds including diindenoperlyene, phthalo-
cyanines, and pentacene.11�14 A similar situation was also reported

upon growth of sexithiophene films on TiO2(110), which exhibit
distinct needles with recumbent molecular orientation mediated
by the substrate, while on poorly ordered surfaces islands with
upright-oriented molecules are formed.15

Previously, we have shown that particularly smooth pentacene
films can be grown on graphite exhibitingmolecularly flat islands,
which extend over several micrometers.16 Despite a rather weak
molecule�graphite interaction,17 the molecules adopt a recum-
bent orientation in such films, which is caused by a prealignment
in the initial stage of film growth due to a perfect match between
the molecular carbon frame and the surface lattice of the graphite
basal plane.16 Moreover, it could be demonstrated that the weak
substrate interaction allows a small molecular reorientation in the
lowermost layer and thus a relief of strain caused by the structural
misfit between the molecular arrangement in the physisorbed
wetting layer and the crystalline bulk phase. Finally, it was found
that this particular growth mode depends sensitively on the
surface quality since a quite different growth scenario occurs on
defective surface regions where pentacene forms islands with
upright molecular orientation.

Here, we report a comparative growth study of the two chemi-
cally modified pentacene derivatives perfluoropentacene (PFP) and
5,7,12,14-pentacenetetrone (PTET). Though both molecules are
planar, they exhibit dissimilar crystal structures,18,19 which is related

Received: July 14, 2011
Revised: September 6, 2011

ABSTRACT: Using atomic force microscopy (AFM) and X-ray diffraction (XRD), we
analyzed the growth of differently modified pentacenes (perfluoropentacene and
pentacenetetrone) on graphite and demonstrate that both the resulting morphology
and the crystalline structure of the films critically depend on the microroughness of
the substrate. On well-ordered highly oriented pyrolytic graphite (HOPG) surfaces
prepared by exfoliation, both molecular materials form exceptionally smooth films,
which consist of large-area molecularly flat islands yielding an overall low roughness.
Interestingly, in these films molecules adopt a recumbent orientation, while on defective
substrates, created by brief ion sputtering, the molecules adopt an upright orientation
and form nonconnected islands exhibiting a significantly increased film roughness. Our
study not only underlines the possibility to prepare very smooth films on a weakly
interacting substrate but also emphasizes the importance of a proper substrate
preparation and the significance of precise knowledge of substrate-surface properties
to control the resulting structure of organic films.
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to distinct differences in the intramolecular charge distributions.
This poses the question about the general ability of graphite to
control the molecular orientation in adsorbed thin films. Com-
bining atomic force microscopy (AFM) and X-ray diffraction
(XRD) measurements, we demonstrate that, indeed, long-range
ordered and exceedingly smooth films with recumbent molecular
orientation can be prepared also for such functionalized acenes
and that the resulting film structure depends critically on the
roughness of the substrate surface. While PTET exhibits the
known crystalline bulk phase,19 PFP films adopt a new poly-
morph, which had been found previously also for PFP films that
were deposited onto Ag(111) surfaces.20 In contrast to this find-
ing for pristine exfoliated highly oriented pyrolytic graphite
(HOPG), on microscopically rough graphite substrates prepared
by brief sputtering both materials grow in their respective bulk
phases and exhibit upright molecular orientations.

2. EXPERIMENTAL SECTION

All molecular films were grown onto ZYA-grade highly oriented
pyrolytic graphite (HOPG) substrates (SPI supplies, mosaicity < 0.4�),
which, in each case, were prepared by exfoliation in air before loading
into the ultra-high vacuum (UHV) chamber. Particular care was taken to
avoid graphite flakes sticking out of the sample, which easily can adhere
to the AFM tip by sleeking the cleaved surfaces. The graphite substrates
were mounted onto sample holders either by conductive adhesion tape
(Plano) or by metal clips, which also enable sample heating prior to
deposition. To investigate the influence of surface roughness on the
molecular film growth, some of the cleaved HOPG substrates were
intentionally modified by Ar+-sputtering (E = 700 eV, I = 5 μA), and the
resulting surface ordering was monitored by low energy electron
diffraction (LEED).
PFP (KantoDenkaKogoyoCo. LTD) and PTET (AvocadoOrganics)

films were deposited under high vacuum conditions (base pressure < 5�
10�9mbar) by organicmolecular beamdeposition from alumina crucibles
of a resistively heated Knudsen cell at deposition rates of 6 Å/min
monitored by quartz crystal microbalance.
The morphology of the various films was characterized at ambient

conditions by means of atomic force microscopy (AFM, Agilent SPM
5500) operated in tapping mode at cantilever frequencies of about
300 kHz. The XRD measurements were carried out under He atmosphere
at the W1 beamline at DESY-HASYLAB (Hamburg). Optical microscopy
in combination with a linear polarizer was employed to obtain comple-
mentary information about the lateral size of the crystallites within the films.

3. RESULTS

3.1. PFP and PTET Films on Pristine Graphite. Figure 1
compares the morphology and crystalline orientation of PFP and
PTET filmswith a nominal thickness of 50 nm thatwere deposited at
room temperature onto freshly cleavedHOPG substrates. AFMdata
show that films of both materials consist of compact and densely
packedmesa-like islands extending over several micrometers that are
separated by deep and narrow trenches. High resolution AFM
images yield a roughness of less than 0.2 nm for the individual island
surfaces (cf. magnified line scans in Figure 1b,f), thus indicating that
the islands appear to be molecularly flat. Only in the case of PTET
some islands reveal characteristic depressions with a depth of about
20 nm on the otherwise flat islands (indicated by black arrows in the
inset of Figure 1e). A quantitative analysis yields highly uniform
island heights, thus demonstrating overall very smooth organic films.
This is remarkable since previous studies have revealed a substantial
roughness for PFP films grownonto SiO2 orAg(111) substrates.

21,10

Using specular X-ray diffraction, the crystalline orientation of the
molecular films was identified. Typical XRD results are depicted in
Figure 1d,h and exhibit a dominating substrate related C(0002)
diffraction peak at qz = 1.87 Å�1 (corresponding to an interlayer
spacing of the graphite basal planes of 3.36 Å). For the PTET
film, an additional diffraction peak appears at qz = 2.00 Å�1

(cf. Figure 1h). With a corresponding lattice plane distance of
3.142Å, this peak can be unambiguously identified as (1 2 0) peak of
the PTET bulk structure,19 thus reflecting a recumbent molecular
orientation in such films as sketched in the inset of Figure 1h.
In addition to the C(0002) substrate reflection, the diffracto-

gram of the PFP film (shown in Figure 1d) reveals two further
peaks at qz = 0.937 Å�1 and qz = 2.06 Å�1. While the first is
assigned to the λ/2 contribution of the substrate reflection, which
is visible here due to a significantly larger thickness of the HOPG
crystal used in this experiment, the peak at higher momentum
transfer is assigned to PFP. It corresponds to a lattice spacing of
3.05 Å, which does not match any reflection of the PFP bulk
structure18 or the PFP thin-film phase,22 which therefore demon-
strates the presence of a new surface-mediated PFP polymorph
that was already reported for Ag(111) substrates.20Note that there
a PFPherringbone structure of (inclined) lyingmolecules could be
deduced from XRD and photoemission data for this specific
polymorph.
Though AFM data reveal the presence of very smooth islands,

their lateral crystalline ordering, especially the size of single-crystalline

Figure 1. Comparison of PFP (lhs) and PTET films (rhs) of nominal
thickness of 50 nm grown at room temperature onto freshly cleaved
HOPG substrates: (a, e) AFMmicrographs together with corresponding
line scans and height distributions (b, c, f, g). Corresponding specular
XRD-data are shown in panels (d, h) and the resulting molecular
arrangements are sketched in the respective insets.
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regions, cannot be concluded directly because rotational do-
mains within the islands are still possible. Similarly, the XRDΘ/
2Θ scans clearly prove the crystallinity of the films but cannot
judge the lateral single-crystallinity of the individual islands. Since
the various optical excitations of aromatic molecules like PFP
have differently oriented transition dipole moments,6 the color
appearance of the islands observed by polarization microscopy
can be used to obtain complementary information about the
domain size. Figure 2 displays a series of optical micrographs of
PFP and PTET films taken for linear polarized light with different
angles of polarization. In order to increase the size of individual
islands, the films had actually been deposited at a slightly higher
substrate temperature of 325 K, which yields island diameters of
more than 10 μm. While the islands appear azimuthally dis-
tributed due to the polycrystallinity of the HOPG substrate, they
exhibit a rather homogeneous polarization contrast within the
individual islands, thus reflecting their homogeneous crystalline
structure.
3.2. PFP and PTET Film Growth on Defective Graphite

Surfaces. In a previous study, it was reported that the resulting
morphology and crystalline orientation of pentacene films grown
on HOPG depend sensitively on the actual surface roughness.16

Therefore, we have also investigated the structure of PFP and
PTET films grown onto graphite substrates, which had been
intentionally roughened by sputtering. To analyze the influence
of such a treatment, first of all the quality of the graphite surface
and its degradation upon sputtering were characterized by means
of AFM and LEED. Figure 3a,b compares two AFMmicrographs
that were taken at the same position of a HOPG substrate before
and after Ar+-ion sputtering (5 min, 700 eV). An inspection of
these images shows that the morphology does not change dra-
matically. The general morphology remains unchanged, while a
significant increase of surface roughness occurs. Please note that
the depicted image must not be misinterpreted as a real image of
atomic defects, as the resolution of the AFM is too low to resolve
those defects directly. However, the increased roughness (rms of
the sputtered substrate 0.17 nm compared to 0.061 nm of the
defect-free surface) is a clear indication of degrading subst-
rate quality. This finding is supported as a rapid degradation of
the substrate LEED pattern with sputtering time was observed.
The LEED pattern of the pristine HOPG surface prepared by
exfoliation reveals a characteristic ring pattern, which reflects its

high local ordering but azimuthal isotropy of the graphite flakes
within the surface. Figure 3c depicts the diffraction ring to back-
ground intensity ratio, which becomes halved already after bom-
bardment times of only 6 s, while after 2 min the ring pattern was
no longer visible thus indicating severe damaging of the surface
lattice. From this characterization, we conclude that room tem-
perature sputtering essentially creates point defects, which destroy
the coherence of the graphite surface lattice but does not increase
the step density.
Figure 4 compares the resulting morphology and crystalline

orientation of PFP and PTET films that were grown on HOPG
substrates, which had been sputtered for 5 min prior to deposi-
tion. Rather different film structures are observed, which is
strikingly illustrated by the AFM data recorded for a 50 nm
PFP film depicted in Figure 4a�c. Instead of a smooth layer, the
film consists of elongated spicular islands with a length of several
micrometers and a width of 100�300 nm, that are laterally
isotropically distributed along the sample yielding an overall large
roughness of more than 20 nm. This morphology parallels the
situation observed before for PFP films grown onto SiO2.

21 Like
in that case, characteristic steps of about 1.5 nm were identified
(cf. line scan Figure 4b), which is in close agreement with the
interlayer distance of (100)-planes, hence indicating an upright
molecular orientation. To verify if this locally observed orienta-
tion is characteristic for the entire sample, XRD measurements
were carried out for this sample. The corresponding XRD scan
that is shown in Figure 4d reveals beside the (0002) diffraction
peak of the substrate (at qz = 1.873 Å

�1) three PFP-related peaks
at qz = 0.401 Å

�1, qz = 0.805 Å
�1, and qz = 1.208 Å

�1. These peak
positions are in excellent agreement with the (n00)-reflexes of

Figure 2. Polarizationmicroscopymicrographs of (a) PFP and (b) PTET
films with a nominal thickness of 50 nm grown at 325 K on pristine HOPG
substrates that were recorded with linearly polarized light at different
orientations as indicated by the black arrow.

Figure 3. Surface degradation of an exfoliated HOPG surface upon
subsequent Ar+-ion sputtering (700 eV). AFM micrographs recorded
(a) before and (b) after 2 min of sputtering reveals enhanced substrate
roughness; electron diffraction (c) reveals a rapid disappearance of the
substrate LEED pattern (E = 180 eV) as a function of the sputtering time.
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the PFP-thin film phase22 (qz,(100) = 0.399 Å�1, qz,(200) = 0.797
Å�1, qz,(300) = 1.196 Å�1), thus proving an overall upright
orientation of PFP molecules on the sputtered HOPG substrate.
Supporting XRD reciprocal space mapping experiments of this

film confirmed that on the rough substrate molecules actually
crystallize only in this polymorph — instead of the PFP single-
crystal phase18 or the new polymorph observed for the case of
pristine HOPG (data shown in Supporting Information).
Likewise, a strikingly different morphology was also observed

for PTET films that were deposited onto sputtered HOPG sub-
strates. In that case a pronounced dewetting takes place and leads
to the formation of extremely elevated islands exceeding even a
height of 2 μm at a nominal film thickness of 50 nm (cf. line scan
Figure 4g), which, however, impeded the acquisition of satisfying
AFM images. Therefore, the morphology of much thinner films
was characterized. Figure 4e shows such a typical amplitude AFM
image of a PTET film with a nominal thickness of 3 nm, which
reveals the presence of elongated mesa-shaped islands with
heights of more than 100 nm at widths of about 200 nm. Though
the mentioned roughness obviated precise AFM imaging for a
50 nm thick film, XRD scans are, by nature, not affected by this

limitation. The corresponding XRD scan (see Figure 4h) reveals
in addition to the C(0002) substrate peak a weak but distinct
diffraction peak at qz = 0.576 Å�1. The corresponding lattice
spacing of d = 10.91 Å is in good agreement with the (001) lattice
spacing of the PTET bulk phase. In this texture, themolecules are
rather upright-oriented and their long axis adopts an angle of
about 42� with respect to the sample surface, as shown schema-
tically in the inset in Figure 4h.
3.3. Initial Stage of Film Growth.To fathom the influence of

the substrate surface structure on molecular film growth and
possible limitations of the island sizes additional AFM measure-
ments were carried out for the initial stage of PFP deposition.
Figure 5a shows an AFM micrograph of a PFP film with a
nominal thickness of 5 nm deposited onto a pristine HOPG
substrate. At this initial growth stage rather large mesa-shaped
islands with a height of more than 20 nm are formed that reveal
molecularly flat surfaces extending over several micrometers.
In addition, they are surrounded by distinctly lower and less
extended islands exhibiting a height of only 1 nm corresponding
to just a few monolayers as shown by the magnified micrograph
in Figure 5b. Comparing the shape of such lower islands and the
position of substrate steps (cf. dashed line in Figure 5b) suggests
that the size of the molecular islands is limited by steps and/or
grains of the substrate. To further study this effect AFM was
employed to compare the island shape occurring in a 40 nm PFP
filmwith the correspondingmorphology of the underlyingHOPG

Figure 5. AFM micrograph showing the morphology of 5 nm PFP
deposited (a) on pristine HOPG together with (b) magnified image and
corresponding line scans. Panels (c�e) show a comparison of a 40 nm
PFP film deposited on pristine HOPG and (d) the bare surface after
thermal desorption of the film. In panel (e) tagged islands from (c) are
superimposed onto the bare surface.

Figure 4. Morphology and crystalline structure of PFP (lhs) and PTET
films (rhs) grown on HOPG substrates that were intentionally rough-
ened by brief Ar+ sputtering (5 min): (a) AFM micrograph of a 50 nm
PFP film with (b, c) corresponding line scans, and (e) AFMmicrograph
(amplitude image) of a nominal 3 nm PTET film with (f) corresponding
topographical line scan while (g) reveals a line scan of a 50 nm PTET
film, which could not be imaged properly. Accompanying specular XRD
scans are shown in panels (d) for a 50 nm PFP film and (h) for a 50 nm
PTET film. The molecular orientations in the films are sketched in the
insets.
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substrate. For this purpose the PFP film was thermally desorbed
in a vacuum chamber by heating the sample at 450 K for 10 min.
Figure 5c�e shows the result of this experiment. One can easily
verify that the images show the same area of the sample, as
characteristic edges can be identified in both cases. Note that the
visible edges represent different grain-boundaries. While they
reveal a topographic contrast of PFP island-borders within the
film (Figure 5c) they represent substrate edges of the bare sur-
face, which are enhanced in the AFM amplitude image shown in
Figure 5d. By superimposing the contour of individual islands,
which are color tagged in Figure 5c onto the bare HOPG surface
of the same position this effect becomes even more explicit
(cp. Figure 5d,e). This analysis proves that the island sizes are
actually limited by the density of step edges and the grain size of
the substrate.
Finally, we investigated the initial growth of PFP films on

sputtered HOPG surfaces. In contrast to the growth scenario on
pristine HOPG the molecules nucleate in rather small, azimuth-
ally isotropically distributed spicular islands as shown in Figure 6
for a PFP film with a nominal thickness of about 4 nm. The high
nucleation density of these islands leads to a rather high coverage
of the substrate surface, while thicker films (cf. Figure 4a) exhibit
a substantial roughness. The observed islands again show char-
acteristic molecular steps of 1.5 nm, which reflect the upright
molecular orientation. Since again substrate steps are clearly
observed, their influence on the island growth can be followed. The
overview image depicted in Figure 6a exhibits many spicular islands
that extend over such substrate steps (indicated by white arrows). A
closer inspection (see magnified image in Figure 6b) further reveals
that upright-oriented molecules are capable of overgrowing small
substrate steps by creating dislocations within the molecular adlayer
as illustrated by the corresponding line scans.

4. DISCUSSION

In the present study, we have analyzed the film formation of
the pentacene derivatives perfluoropentacene and pentacenete-
trone on HOPG substrates with particular emphasis on the
influence of substrate roughness.

Previous studies have already shown that organic electronic
device properties depend critically on the substrate roughness.23,24

For instance, the grain size within organic films is affected by the
quality of the dielectric surfaces and their actual chemical termi-
nation.25 However, detailed microscopic investigations were ham-
pered by the amorphous nature of the substrates used.

The present data demonstrate that film growth on graphite
substrates of different surface quality (pristine vs sputtered) does
not only result in very unequal film roughnesses but that the films
also exhibit entirely different molecular and crystalline orienta-
tions. On microscopically rough HOPG surfaces, the studied
molecules grow in an upright orientation and form crystalline
islands exhibiting their respective bulk phase. In contrast, on
pristine HOPG substrates films of recumbently oriented mol-
ecules are formed and, in case of PFP, even exhibit growth in a
different polymorph. These findings are in good concordance with
a former study regarding the growth of pentacene on HOPG,16

suggesting that the observed effect is general for different acenes
and not only a peculiarity of pentacene. Different molecular
orientations have also been reported for acenes grown on metals
of different roughness, for example, for pentacene on single and
polycrystalline gold.13 Interestingly, however, the film roughness
appears to be inverted:While on single crystalline metal substrates
highly ordered wetting layers are formed, which are stabilized by
electronic interaction (chemisorption), the subsequent layers
exhibit substantial islanding and are significantly rough. We note
that the actual molecular orientation in such films can be rather
different since in some cases upright-oriented molecules are found
while they remain recumbently oriented in other cases.9,13,26�28

Most notably, although any additional chemical substrate inter-
actions of pentacene and its derivatives can be excluded on graphite
substrates, they form remarkably smooth films on pristine surfaces.
We attribute this exceptional film growth to the good match of the
carbon frame of the acenes with the lattice of the basal plane of
graphite: A comparison between the ring diameters of PFP (2.77Å),
PTET (2.78 Å (H-terminated), 2.80 Å (O-terminated)), PEN
(2.81 Å), and graphite (2.85 Å) shows a close match, which
suggests a template effect by the formation of a commensurate
seed layer on the HOPG surface. Moreover, as demonstrated
previously for the case of pentacene on HOPG,16 the low adsorp-
tion energy additionally allows a slight rearrangement of the ad-
sorbedmolecules, thus enabling adjustment to the packingmotif of
the crystalline structure. Apparently, this prealignment causes PFP
molecules to grow in recumbent orientation and to form a new
polymorph. While this polymorph is observed also for PFP films
grown on Ag(111),20 there, in clear contrast, the films exhibit a
substantial roughness.10 A comparison of the shape of PFP islands
on pristineHOPG and themorphology of the underlying substrate
shows that the island size is actually limited by the size of substrate
grains, hence indicating that such grain boundaries are efficient
diffusion barriers during growth. Note that such a specific nuclea-
tion and grain-limited growth was also observed before for the
growth of p-quaterphenylene films on polycrystalline gold.29�31

A completely different situation occurs on sputtered HOPG
substrates. Because of the lack of any templating effect, which
would cause a prealignment upon nucleation, and because of a
larger nucleation density on the rough surface, the film growth
most likely is goverened by aminimization of surface energy. Like
in the case of chemically inert substrates, for example, SiO2, this
leads to upright-oriented molecules forming fiber-textures with
(100)-oriented surfaces, where molecules adopt a high coordina-
tion and, thus, a low surface energy.

Figure 6. AFM micrographs showing the initial stage of PFP film
formation on a sputtered HOPG substrate together with corresponding
line scans. The magnified image b) reveals the appearance of a disloca-
tion within the PFP film induced by an underlying substrate double-step.
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On the basis of AFM data of the initial stage of growth, it
was found that upright-oriented PFP molecules are able to
overgrow low defect steps of the substrate by creating disloca-
tions within the film (cf. Figure 6b). Interestingly, this ability was
not observed for PTET and is attributed to the oxygen side
groups whose repulsive interaction requires interdigitation, thus
allowing only for specific lateral shifts of neighboring molecules.

5. CONCLUSION

The present growth study of acene derivatives on HOPG
substrates of different surface quality (roughness) demonstrates
that the resulting crystalline structure of such molecular films is
not only controlled by the interplay of molecule�substrate and
molecule�molecule interactions but also depends sensitively on
the single-crystalline coherence length of the substrate. Pristine
HOPG substrates with a low defect density are demonstrated to
be well-suited templates for preparing particularly smooth acene
films consisting of largely extended and molecularly flat islands.
In such films, pentacene as well as pentacenetetrone and per-
fluoropentacene adopt a recumbent orientation, which, in case of
PFP, is enabled by a new polymorph. The remarkable order in
these films makes them interesting model systems for further
optical and electronic studies to characterize the influence of
packing motifs on the opto-electronic properties of such func-
tional molecular materials.
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Interrelation between substrate roughness and thin-film structure of functionalized

acenes on graphite
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As we discussed in the main text, PFP films exhibit different polymorphs depending on the substrate quality. While
they crystallize in the thin-film phase [1] on sputtered surfaces, they grow in a different polymorph on pristine HOPG.
To support the specular XRD data presented in the main text we conducted additional x-ray diffraction reciprocal
space mapping experiments on the PFP film deposited on a sputtered HOPG substrate (see Fig. 4d) for the related
specular XRD data). As all observed reflections are in good agreement with the PFP thin-film phase (see Fig. S 1)
this data prove that PFP grows in its thin-film phase on defective (sputtered) HOPG surfaces. In future work we will
conduct additional RSM experiments, accompanied by further measurements, e.g., of PFP films on pristine HOPG.
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Figure S 1: X-ray diffraction reciprocal space map (RSM) of a nominally 50 nm thick perfluorpentacene (PFP) film on a HOPG
substrate roughened by Ar+ sputtering [cf. Fig. 4 a-d) in the main text]. Radii of the black circles correspond to the calculated
structure factors of the respective PFP thin-film phase reflections; the white circle indicates a (weak) contribution of the HOPG
(0002) substrate reflection. RSM data was recorded under an incident angle of the primary beam of 0.15◦ with respect to the
sample surface; the map consists of two scans along q|| using a 1D detector (1280 channels, 10 channels vertically averaged).
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Reproduced with permission from
M. Marks, C. Schmidt, C. H. Schwalb, T. Breuer, G. Witte and U. Höfer, Journal of
Physical Chemistry C 116 (2012), 1904-1911. http://dx.doi.org/10.1021/jp2094577.
Copyright 2012, American Chemical Society.

5.4.1 Abstract

Monolayers of perfluoropentacene (PFP) on Ag(111) undergo a reversible structural
transition from a crystalline (6 × 3) phase at low temperatures to a disordered phase
at room temperature. Two-photon photoemission (2PPE) of the low temperature phase
revealed a distinct signal of the first image-potential state (n = 1) of Ag(111), thus showing
the presence of bare substrate regions between the crystalline PFP islands. At higher
temperatures, the entire surface is covered by a disordered phase of diffusing molecules
causing a complete suppression of the (n = 1) signal and the electron diffraction (LEED)
pattern. X-ray absorption spectroscopy showed that neither a change of the weak chemical
interaction nor a change of the molecular tilt angle occurs during this phase-transition.
The quantitative analysis of the 2PPE signal and the LEED contrast yields a transition
temperature of TC = 145 ± 5 K. The present experiment shows that desorption of excess
multilayers leads to an effective coverage of less than a dense monolayer.

5.4.2 Methods

Low Energy Electron Diffraction, Organic Molecular Beam Deposition, Near-Edge X-Ray
Absorption Fine Structure Spectroscopy, Two-Photon-Photo-Emission (2PPE)

5.4.3 Own Contribution

The 2PPE and LEED experiments have been performed by Manuel Marks and Christian
Schwalb. I have helped Christian Schmidt to plan, perform and evaluate the NEXAFS
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measurements and to prepare the samples as well as to improve the manuscript. Gregor
Witte and Ulrich Höfer have helped to interpret the data and to improve the manuscript.
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Temperature Dependent Structural Phase Transition at the
Perfluoropentacene/Ag(111) Interface
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’ INTRODUCTION

Despite the recent success of organic electronics, a detailed
understanding of fundamental physical processes occurring at
metal�organic interfaces still remains challenging. In particular,
processes determining the transfer and decay of free charge
carriers are still not well characterized. Since the injection of
charge carriers at molecule�metal contacts is decisive for the
performance of organic electronic devices, significant efforts have
been made to investigate the energy level alignment between
molecular semiconductors and metal electrodes.1�4 In order to
achieve small injection barriers, a close match between the
highest occupied molecular level and the Fermi level of the
electrode is required in case of p-type organic semiconductors.
For n-type semiconductors the energetic position of unoccupied
molecular orbitals and their overlap with metallic states determine
the charge injection dynamics.

Like the lifetime of excited electrons, the efficiency of charge
injection critically depends not only on the level alignment, but
also on the electronic coupling between metal and organic
states.5 In addition, a number of structural and chemical factors,
such as the emergence of new interface states,6,7 can affect the
charge injection processes significantly. Clearly, all of these
factors, not only the position of interfacial energy levels,8�10

depend on the interface morphology.11,12 Temperature depen-
dent structural transitions, which are reported for several inter-
faces between conjugated molecules andmetal substrates,8,10,13,14

are therefore expected to have a strong influence on the excita-
tion of charge carriers across a metal�organic interface.

In this article, combining LEED, X-ray absorption spectros-
copy (NEXAFS), and time-resolved two-photon photoemission
(2PPE), we demonstrate a reversible, temperature dependent
structural phase transition from a two-dimensional crystalline

phase to a disordered phase for perfluoropentacene (PFP, C22F14)
monolayers adsorbed on Ag(111). PFP is a particular interesting
n-type semiconductor15 because it renders possible a comparison
with the nonfluorinated and widely studied analogue p-type
semiconductor pentacene (C22H14).

14,16 For low temperatures, the
commensurate, highly orderedfilm structure of PFPmonolayer films
on Ag(111) has been identified using scanning-tunnelling micro-
scopy (STM) and low energy electron diffraction (LEED).17,18

Moreover, the vertical layer�substrate distance and the occupied
electronic structure are well studied.19,20

In recent years, 2PPE has proven to be a very powerful tool to
investigate unoccupied states and the dynamics of adsorbates at
surfaces.21�29 Here, we employ this technique as amonitor of the
phase transition by using image-potential states as a local probe
of extended clean Ag(111) areas that appear upon ordering of
PFP/Ag(111). Since image-potential states are located directly in
front of the surface,30�32 adsorbate layers have a strong influence
on their binding energies and the electronic lifetimes.33�38

Moreover, small substrate areas of a few nanometers in diameter
are required for the formation of image-potential states,39 thus
electrons in image-potential states can be utilized as sensitive
probes for adlayer coverages. Berthold et al. monitored the photo-
induced desorption of Ar/Cu(100) using the signal of the first
image-potential state (n = 1) to quantify the proportion of Ar-
covered and clean substrate areas.40 Following this idea, we have
employed the (n = 1) image-potential state to noninvasively
monitor the coexistence and proportion of covered and bare
substrate areas during the structural phase transition of the PFP film.
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ABSTRACT: Monolayers of perfluoropentacene (PFP) on
Ag(111) undergo a reversible structural transition from a
crystalline (6 � 3) phase at low temperatures to a disordered
phase at room temperature. Two-photon photoemission
(2PPE) of the low temperature phase revealed a distinct signal
of the first image-potential state (n = 1) of Ag(111), thus
showing the presence of bare substrate regions between the
crystalline PFP islands. At higher temperatures, the entire
surface is covered by a disordered phase of diffusing molecules
causing a complete suppression of the (n = 1) signal and the
electron diffraction (LEED) pattern. X-ray absorption spectroscopy showed that neither a change of the weak chemical interaction
nor a change of the molecular tilt angle occurs during this phase-transition. The quantitative analysis of the 2PPE signal and the
LEED contrast yields a transition temperature of TC = 145 ( 5 K. The present experiment shows that desorption of excess
multilayers leads to an effective coverage of less than a dense monolayer.
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The article is organized as follows: after separately presenting
the results of the three complementary experimental techniques,
the origin of the structural transition within the PFP thin film will
be discussed. Among others, our results explain why no structural
information on the adlayer structure of PFP/Ag(111) is observed
at elevated temperatures.

’EXPERIMENTAL SECTION

The 2PPE and LEED experiments were performed in an
ultrahigh vacuum (UHV) chamber with a base pressure of
4� 10�11 mbar.41 The chamber is equipped with an X-ray source,
a four grid LEED, and a hemispherical energy analyzer with a five-
channeltron-array detector. A Ti:sapphire oscillator with a repe-
tition rate of 82 MHz serves as the laser source. The fundamental
Gaussian pulses (τIR = 42 fs, pωIR = 1.56 eV) are split using a
50/50 beam splitter. One part is frequency doubled by second-
harmonic generation (SHG), while the second part is frequency
tripled by subsequent SHG and sum-frequency generation (SFG).
The resulting p-polarized laser pulses (τblue = 45 fs, pωblue = 3.10
eV and τUV = 70 fs, pωUV = 4.69 eV) are aligned collinearly and
focused to a 100 μm spot onto the sample at an incident angle of
75� with respect to the surface normal. The overall energy
resolution was 65 meV with an angular resolution of 1.2�.

The NEXAFS measurements were performed at the HE-SGM
dipole beamline of the synchrotron storage ring BESSY II in Berlin
(Germany) that provides linear polarized synchrotron light with a
polarization factor of 0.91 and an energy resolution of about
300 meV at the carbon K-edge. All NEXAFS spectra were recorded
in partial electron yield mode using a channel plate detector with a
retarding field of�150 V. In order to calibrate the absolute energy
scale of the X-ray absorption spectra, the photocurrent from a
carbon coated gold grid in the incident beam that exhibits a distinct
absorptionmaximum at 284.9 eVwas recorded simultaneously. The
NEXAFS raw datawere normalizedwith respect to the transmission
of the clean substrate and the incident photon flux.

The Ag(111) sample (MaTeck) was cleaned by repeated
cycles of sputtering (Ekin = 0.7 eV, Isputter = 3 μA, Tsample = 373 K
for 20 min) and subsequent annealing (Tsample = 773 K for
5 min) until no contaminations were observed in the XPS and
2PPE spectra and a sharp LEED pattern with low background
signal was observed. Perfluoropentacene (Kanto Denka Kogoyo,
purity >99%), was deposited with a rate of 0.25�0.3 ML/min
from a resistively heated Knudsen cell onto the sample that was
held between 270 and 290 K during thin film growth.

Previous studies have shown that uponmolecular beam deposi-
tion, bi- and multilayers start to grow already before completion
of the first monolayer, which complicates the preparation of
defined monolayer films.42 Following ref 18, a nominal mono-
layer coverage was achieved by first depositing a thin multilayer
film and subsequently desorbing the excessive multilayers by
heating the sample to 403 K for five minutes.

’RESULTS

Two-Photon Photoemission. Figure 1 depicts a series of
2PPE spectra of a nominal PFPmonolayer adsorbed on Ag(111),
which were recorded at different temperatures during cooling-
down from room temperature to 90 K. The energy is given as
intermediate state energy with respect to EF. It is calculated by
subtracting the photon energy pωblue used in the photoemis-
sion step from the final state energy of the photoelectrons after

photoemission (Figure 1, top abscissa). At 90 K, four separated
peaks can be observed in the 2PPE spectrum. As discussed later,
two of the peaks (n = 1 and SS) originate from areas of the
uncovered Ag(111) substrate, while signals (A) and (B) appear
in the spectrum after adsorption of a nominal PFP monolayer. A
spectrum of a bare Ag(111) surface is shown in Figure 3 for
comparison, and the modifications due to PFP adsorption will
be discussed later. Interestingly, the 2PPE spectra of a nominal
monolayer PFP on Ag(111) reveal a strong temperature depen-
dence. With increasing temperature, the intensity of the peaks
(n = 1) and (SS) starts to decrease until they completely vanish
for temperatures above 165 K. The two remaining features, (A)
and (B), undergo changes in final state energy and peak form
between 130 and 165 K. Peak (A) at the low energy side of the
spectrum shows a shift toward higher final state energies, whereas
the line width of signal (B) decreases. The shift of peak (A) is not
gradual. Instead, a second peak arises at the high energy side that
takes over the entire intensity and the original peak vanishes.
Similarly, the line width of peak (B) abruptly decreases around
155 K but reveals only minor changes in energy. Above tem-
peratures of 165 K, the spectra remain almost unaltered. All
observed changes in the 2PPE spectra are completely reversible.

Figure 1. 2PPE spectra of a nominal PFP monolayer on Ag(111)
recorded during repeated cooling-down from room temperature down
to 90 K. For temperatures around 150 K, the 2PPE spectra undergo
significant changes that are completely reversible. With increasing tem-
perature the substrate signals, (n = 1) and (SS) decrease, while the PFP
induced signal (A) experiences a shift in energy. Analogously, the line
width of peak (B) decreases, and its maximum shifts to slightly lower
final state energies.
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Actually, the spectrum at 90 K had been recorded after cooling
the prepared nominal monolayer, while the remaining spectra
were taken after thawing the sample and again cooling down to
90 K. This leads to a full recovery of the peaks (n = 1) and (SS)
while signals (A) and (B) reobtain their original energetic
position, peak form, and intensity. As no deviations are observed,
a significant decomposition or desorption of PFP molecules is
excluded, hence indicating a change in the interface morphology.
The bandstructure of unoccupied electronic states can be

investigated by angle-resolved 2PPE. The dispersion of the
resolved states allows us to deduce the degree of delocalization
of the excited electrons in a direction parallel to the surface. The
parallel momentum is calculated via k ) = (2meEkin/p

2)1/2 sin(θ),
where Ekin is the kinetic energy and θ the emission angle of the
electrons. Figure 2a depicts a series of angle-resolved 2PPE
spectra of a nominal PFP monolayer that was recorded at 90 K.
All observed peaks in the spectrum are strongly dispersing and
shift to higher energies with increasing emission angle. As ex-
pected for delocalized surface states, e.g., image-potential states,
the dispersion of the (n = 1) state can be approximated using a
free-electron like parabola E(k )) = (pk ))

2/2meff + E0 with an
effective mass meff = m*me. A fit of the position of the peak
maxima yields an effective mass factor of mn=1* = 1.28 ( 0.10 at
the Γ̅-point. The respective data and the fit are shown in
Figure 2b together with the projected band structure of the clean
Ag(111) substrate. Similarly, states (A) and (B) reveal a deloca-
lization in the surface plane with effective mass factors of mA* =
0.78 ( 0.20 and mB* = 0.54 ( 0.10, which are independent of
temperature within our experimental error.
In order to identify the observed peaks, in particular the peak

(n = 1), 2PPE spectra of clean and PFP covered Ag(111) are
compared in Figure 3. For the clean substrate, four distinct peaks
are observed (black diamonds). The predominant signal origi-
nates from the (n = 1) image-potential state. Additionally, a non-
resonant 2PPE transition from the lower to the higher sp-band,43

the image-potential resonance (n = 2), and a superposition of the
higher image-potential resonances and direct nonresonant 2PPE
from the Shockley surface state (SS) can be observed.44 As
shown in the excitation scheme (inset Figure 3), the (n = 1)

Figure 2. (a) Series of angle-resolved 2PPE spectra (normalized to peakA) of a nominal PFPmonolayer recorded at 90K (the exit angle is givenwith respect
to the surface normal). (b) Positions of the peakmaxima of (A), (B), and (n= 1) shown in a dispersion diagram in front of the projected band structure of the
bare substrate. The occupied projected bulk bands are indicated in dark gray, the unoccupied bands in light gray, and the projected band gap in white. The
dispersion of (A), (B), and (n = 1) can be approximated by free-electron like parabolas with effective masses of 0.78me, 0.54me, and 1.28me, respectively.

Figure 3. Coverage dependent 2PPE spectra of PFP films on Ag(111).
For clean Ag(111) (black diamonds, measured at 293 K), (n = 1),2
image-potential states, Shockley surface state, and sp-band transition are
visible. For a nominal PFP monolayer measured at 90 K, peaks (A) and
(B) appear in the spectrum, while the (n = 1) and (SS) signals are
attenuated (blue dots). Deposition of an additional 0.35 ML onto the
nominal monolayer leads to suppression of the (n = 1) and slight
changes of peaks (A) and (B) (triangles). The insets depict excitation
schemes (left) and pump�probe traces of the (n = 1) image-potential
state on a semilogarithmic scale (right).
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image-potential state is populated from states below EF using UV
photons pωUV. Subsequently, this transient population is photo-
emitted by photons of the frequency-doubled laser pulses pωblue.
The (SS) and sp-band are emitted in a direct nonresonant 2PPE
process and the intermediate state energy scale does not apply for
these signals.
After preparation of a nominal PFP monolayer, the signals of

the (n = 1) image-potential state and the Shockley surface state
diminish compared to the clean substrate but are still clearly
visible (blue dots). Additional dosing of about 0.35 ML PFP at
273 K completely suppresses the (n = 1) signal even when mea-
sured at 90 K (Figure 3, blue triangles). By contrast, the two PFP
related peaks (A andB) can still be observed for the thicker PFP film,
although slightly modified. A subsequent annealing step leads,
however, to a recurrence of the (n = 1) signal. This proves that
the predominant signal originates from the (n = 1) image-
potential state of bare substrate areas, which re-emerge due to
the annealing procedure. As mentioned before, surface areas of a
few nanometers in diameter are required for the formation of
image-potential states,39 and therefore, these states can be used to
monitor the surface coverage.40 In order to quantify the proportion
of clean substrate areas, we compare the integrals of the (n = 1)
signals for the clean and PFP covered substrate. The signal decreases
to about one-third of the intensity of clean Ag(111). Assuming a
linear decrease of the (n = 1) signal with PFP surface coverage, we
estimate that at 90 K about one-third of the silver substrate remains
uncovered after preparation of the annealed PFP monolayer.

This interpretation is further corroborated by the electron
lifetime because the decay of excited electrons in image-potential
states is extremely sensitive to a modification of the wave
function by adsorbate layers.33,36,37 Pump�probe traces for the
(n = 1) image-potential state for clean and PFP covered Ag(111)
are shown in the inset of Figure 3. They are recorded by mea-
suring the peak intensity for successively delayed laser pulses.
Negative values denote a delayed UV-pulse, while for positive
delays, the UV photons arrive on the sample first. The temporal
resolution of the 2PPE experiment is limited by the width of the
cross-correlation of the laser-pulses (dashed line). A fit of the
pump�probe trace using a rate equationmodel that includes two
Gaussian laser-pulses and an exponential decay � exp(�1/τ) is
used to extract the lifetime τ of the excited electrons. For the (n = 1)
image-potential state of clean Ag(111), an inelastic electron
lifetime of τn=1 = 31 ( 1.5 fs can be observed at 90 K in agree-
ment with previous studies.33,44 The signal at negative delays is
attributed to hot electrons close to EF

45 that will not be further
discussed here. As can be seen in the pump�probe traces, the
lifetime of the (n = 1) shows no influence of adsorbed PFP mole-
cules. This observation can only be explained by an (n = 1)
image-potential state on preserved areas of the clean Ag(111)
surface after preparation of the PFP film. The small energetic
shift of the (n = 1) signal after adsorption of PFP is attributed to
the temperature dependence of the binding energy of image-
potential states that originates from the narrowing of the sp-band
gap due to the thermal expansion of the crystal lattice.46 The clean
spectrum was recorded at room temperature prior to film adsorp-
tion, while the spectra for PFP/Ag(111) were taken at 90 K.
Low Energy Electron Diffraction. In order to elucidate the

underlying mechanisms of the observed transitions, the change
of the long-range order of the PFP/Ag(111) system with tem-
perature was investigated using LEED. Representative LEED
patterns of the nominal PFP monolayer above and below the
transition temperature are shown in Figure 4.
At 90 K, a distinct diffraction pattern is clearly visible for an

electron energy of 43.0 eV in Figure 4a. This reflects the com-
mensurate (6 � 3) superstructure of the PFP monolayer on
Ag(111). Previous low temperature STM studies have shown
that in this adlayer the PFP molecules are uniformly oriented
with their long axis along the Æ110æ azimuth and densely packed
according to their van der Waals width.17,18 Reducing the inci-
dent electron energy to about 14�15 eV allows a better resolu-
tion of the inner spots of the diffraction pattern. This is indicated
by the dashed circle, and the respective LEED pattern is shown in
Figure 4b. At 169 K, however, the spot pattern has completely
disappeared. As shown in Figure 4c, it is replaced by a hexago-
nally shaped, streaky pattern comparable in size, hence indicating
a transition from the crystalline PFP monolayer into a rather
disordered phase at elevated temperatures. The latter phase still
exhibits the characteristic minimum molecule distance as found
in the ordered phase as well as a preferential azimuthal alignment.
A further increase of the temperature leads to the disappearance
of this azimuthal alignment. Subsequent cooling of the sample
back to low temperatures re-establishes the long-range order of
the commensurate (6� 3) superstructure. This reveals a similar
reversibility for the transition as observed in the 2PPE experiments.
For a more quantitative analysis of the structural transition,

LEED patterns recorded at various temperatures along the phase
transition were analyzed. As sketched in the inset of Figure 4, we
defined a diffraction contrast as the intensity ratio of a distinct
LEED spot and the diffuse background signal (I1/I2) and

Figure 4. LEED patterns of a nominal PFP monolayer on Ag(111)
taken at: (a)Tsample = 90K,Ekin = 43.0 eV; (b) 105 , 15.4 eV; and (c) 169K,
14.0 eV. In panel a, dotted lines indicate substrate spots, and the
dashed circle marks the section observed at lower beam energies. Panel
d depicts the normalized contrast of the LEED patterns (green squares)
and normalized (n = 1) intensity (black dots) as function of sample
temperature together with a corresponding fit using a Boltzmann
sigmoidal (black line). The inset sketches the determination of the
diffraction contrast (I1 spot intensity; I2 diffuse background signal for an
area of identical size between the spots).
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normalized it to the contrast at 90 K. The resulting contrast curve
is shown in Figure 4 and clearly reveals the vanishing crystalline
phase of the nominal monolayer between 130 and 160 K.
As stated before, the intensity of the (n = 1) image-potential

state can be taken as fingerprint of clean, uncovered Ag(111)
areas. For a more quantitative analysis of the proportion of bare
surface areas during the transition, the integral of the (n = 1) peak
of the spectra from Figure 1 has been analyzed. Figure 4 depicts
the intensity normalized to the value at 90 K as a function of
sample temperature together with the LEED contrast. This
clearly shows that both curves exhibit the identical temperature
dependence. It thus demonstrates that the uncovered surface
areas, which are present in the crystalline layer at 90 K, become
effectively covered during formation of the disordered phase. In
order to quantify a transition temperature TC of the PFP adlayer,
a Boltzmann sigmoidal �1/[1 + exp(α(T � TC))] was fitted to
both experimental data sets simultaneously. The fit gives a critical
temperature of TC = 145 ( 5 K.
Near-Edge X-ray Absorption Spectroscopy. The 2PPE

experiments discussed above reveal an entirely covered surface
for the disordered phase at elevated temperatures, while crystal-
line PFP-covered and bare substrate areas coexist below TC.
In order to answer the question, how the identical amount of

molecules can occupy different substrate areas, carbon edge
NEXAFSmeasurements were carried out. They provide informa-
tion on the molecular orientation and allow us to decide whether
the area per molecule changes with temperature by molecular
tilting or molecules are diffusing in the disordered phase.
Though first NEXAFS data have been reported previously for

PFP,47,48 a precise assignment of the various spectral features has
not yet been possible. Neither systematic polarization dependent
measurements nor a theoretical analysis like in the case of the
nonfluorinated acenes have been carried out so far.49 Therefore,
at first, carbon edge NEXAFS spectra were recorded for PFP
multilayers grown on SiO2 to provide reference data of a system
without noticeable electronic substrate interaction but uniform
crystalline texture and defined orientational ordering. As shown
in Figure 5a, the NEXAFS spectra reveal a number of sharp reso-
nances at energies between 285 and 289 eV followed by some
broader resonances at higher energies. At least 12 distinct reso-
nances were identified at photon energies of 285.3 eV, 286.2 eV,
286.8 eV, 288.3 eV, 289.4 eV, 289.8 eV, 290.8 eV, 294.3 eV, 296.2 eV,
298.2 eV, 299.5 eV, and 303.8 eV (labeled by 1�12). On the
basis of their energetic position relative to the absorption edge
and the obtained dichroism (which is discussed later), at least the
first four resonances are clearly identified as excitations of C1s
electrons into closely spaced unoccupied molecular π* orbitals.
Note that due to different ionization potentials of the carbon
atoms (C(C): ∼291.4 eV and C(F): ∼293.6 eV),50 two C1s
absorption edges have to be considered in case of PFP. However,
for a quantitative analysis, only the first three π* resonances are
employed, which are located below both absorption edges so that
their intensities can be evaluated without any background correc-
tions. The theoretical analysis shows that the intensity of the
π* resonances depends on the orientation of the electrical field
vector, EB, of the incident synchrotron light relative to the tran-
sition dipole moment, TB. In the case of aromatic molecules, TB is
oriented normal to the ring plane (see inset of Figure 5a).51 Thus,
from NEXAFS measurements recorded for different angles of
incidence of incoming light, θ, the average tilt angle of TB relative
to the sample normal, α, can be determined. For vector-type
π* orbitals occurring for aromatic systems, a surface of 3-fold
symmetry and linear polarized light with a degree of polarization,
P, the intensity variation (linear dichroism) can be expressed as
Iπ* � 1/2(P cos2 θ(3 cos2 α � 1) + 1 � cos2 α).51

In order to determine the molecular orientation, repeated
NEXAFS spectra were taken at 3 different angles of incidence
(θ = 90�, 55�, and 30�), but for clarity, only spectra recorded at
grazing (blue curve) and normal incidence (red curve) are shown
in Figure 5. A quantitative analysis of the dichroism of the first
three π* resonances of the PFP film on SiO2 (see Figure 5b)
yields an angle relative to the surface normal of α = 77( 5�. This
value is in excellent agreement with XRD data of PFP films on
SiO2 showing the presence of (100)-oriented films where mole-
cules adopt a uniform upright orientation with an angle of
α = 76�.15,52
NEXAFS spectra of a 10 nm PFP film on Ag(111), which has

been prepared for comparison to themonolayer spectra, revealed
very similar NEXAFS resonances but exhibited an inverted
dichroism as depicted in Figure 5c. The quantitative analysis
yields a tilt angle of α = 11 ( 6�, thus indicating a recumbent,
almost flat lying molecular orientation. This geometry is in
agreement with the PFP polymorph reported by Duhm et al.
for PFP films on silver where a rather small interlayer spacing of

Figure 5. Series of C1s NEXAFS spectra recorded for PFP films of
different thicknesses deposited onto Ag(111) and SiO2. (a) Overview
spectra of a multilayer film on SiO2. Panels b�d reveal the magnified π*
region of the NEXAFS spectra of different films: (b) 2 nm on SiO2, (c)
10 nm on Ag(111), and (d) nominal monolayer on Ag(111). All spectra
were recorded for different orientations of the incident electrical field
vector relative to the surface normal as depicted schematically in the
inset of panel a.
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3.06 Å was derived from XRD measurements.19 This small spac-
ing suggests that the long molecular axis is almost parallel to the
substrate surface. We note that the NEXAFS based orientational
analysis of these two limiting cases of molecular orientations well
corroborates our assignment of the leading resonances as
π* resonances.
Interestingly, the NEXAFS spectra of PFP monolayer and

multilayer films on Ag(111) are very similar. This is also found
for films prepared by careful thermal desorption of beforehand
grown multilayers as well as for submonolayers of only 0.2 nm
(data not shown). The NEXAFS resonances of the monolayer
appear shifted by less than 0.2 eV toward lower energies, which is
attributed to screening of the core holes by the underlying metal
substrate. A similar effect was also observed for the C1s and F1s
photoelectron core lines of mono- and multilayer films of PFP.18

However, only a very small broadening (∼0.1 eV) of theNEXAFS
resonances occurs (cf. Figure 5d) in contrast to PFP adsorbed on
Cu(100), where the fine structure of the π* resonances is no
longer separated.47 This finding reflects the absence of any dis-
tinctmodification of the unoccupiedmolecular orbitals of PFP due
to chemical interaction with the underlying silver substrate. This
is remarkable since for monolayer films of the nonfluorinated
pentacene adsorbed on Ag(111) and even on Au(111), a sub-
stantial broadening of the π* resonances was found.53,54 It
indicates an almost pure van der Waals type interaction with
the silver substrate, which is in line with a rather large molecule�
substrate distance of 3.16 Å derived from XSWmeasurements.19

The quantitative analysis of the dichroism of the PFP monolayer
yields a tilt angle of α = 8 ( 6�, which corroborates the planar
adsorption on Ag(111) concluded before on the basis of XSW
and low temperature STM data.17�19

Additional NEXAFS measurements that were carried out for a
PFP monolayer after cooling the sample down to 75 K revealed
no noticeable change in the spectra, neither in peak position and
width nor in dichroism (spectra not shown). This finding thus
indicates that the ordered�disordered transition is not accom-
panied by a noticeable molecular tilting.

’DISCUSSION

By combining temperature dependent 2PPE, LEED, and
NEXAFSmeasurements, we observe a structural phase transition
of a nominal PFP monolayer on Ag(111). At low temperatures
an ordered crystalline phase with a (6 � 3) structure occurs,
which transforms into a disordered phase of diffusing molecules
at room temperature. This reversible transition proceeds in a

rather small temperature regime between 130 and 160 K.
NEXAFS data reveal no orientational modification and yield an
almost planar adsorption geometry for all phases. In addition to
the two PFP related peaks (A and B), the 2PPE spectra recorded
for the ordered crystalline phase show a distinct signal from the
(n = 1) image-potential state of the bare Ag(111) surface. This
signal is a clear indication for the presence of uncovered surface
regions and vanishes upon heating as the crystalline ordering of
the adlayer is lost. This indicates a redistribution of larger
uncovered regions at low temperature toward plenty but smaller
voids at elevated temperatures as schematically shown in Figure 6.
From the intensity of the (n = 1) signal relative to that of the
clean Ag(111) surface, we estimate that about 30% of the silver
substrate remains uncovered. This implies that the preparation of
a PFP monolayer by thermal desorption of multilayers actually
does not lead to a closed adlayer.

Disordered adlayers are common phenomena for inert, mostly
nonpolar polycyclic aromatic hydrocarbons (PAH) adsorbed on
weakly corrugated single crystal surfaces. So far, disorder�order
transitions have been observed mostly in coverage dependent
studies where a steric ordering of flat lying molecules according
to their molecular van der Waals dimensions only occurs upon
completion of a densely packed monolayer.55�60 Only a few
studies reveal a temperature dependence of such transitions in
(sub)monolayer films.10,13,14,61 Structural transitions have also
been found uponmelting of saturatedmonolayers of alkanes.62,63

In that case, it was demonstrated that the structural changes are
accompanied by the formation of conformational defects (gauche
defects), which do not occur in the rigid acenes.

Condensation of an ordered monolayer at low temperature
and formation of a disordered adlayer at room temperature were
also reported for pentacene on Ag(111) but with an at least 50 K
higher transition temperature.14 Interestingly, in contrast to PFP,
which is only weakly adsorbed on Ag(111), the nonfluorinated
analogue is chemisorbed on that surface. This leads to a distinct
broadening of the NEXAFS resonances and enhanced thermal
stability of a monolayer up to more than 500 K.53 The compar-
ison with PFP indicates that the corrugation of the substrate
holding potential, which is decisive for diffusion, apparently is
quite low for both molecules despite a different desorption
behavior. At this point, it is important to stress that on Ag(111),
a direct comparison of the adsorption energy of PEN and PFP
monolayers based on thermal desorption spectroscopy is im-
possible. The sharper NEXAFS resonances clearly indicate a
weaker molecule�substrate interaction for PFP, hence, suggest-
ing a lower hypothetic activation energy for desorption. How-
ever, because of a competing pathway of chemical decomposition
of the fluorinated compound, an intact desorption does not
proceed. Therefore, the activation energy for desorption cannot
be measured. Planar, extended aromatic molecules experience a
rather low corrugation potential on metal substrates due to si-
multaneous interaction between different parts of the adsorbed
molecule and the surface. This effect is particularly pronounced
for the absence of any geometrical match between the aromatic
ring diameter (∼2.5 Å)64 and the nearest neighbor distance of
the underlying silver substrate (2.89 Å).

In many cases, organic molecules are stronger bound to metal
surfaces than inmultilayer films. This has been utilized to prepare
defined monolayer films by selective thermal desorption of ex-
cessive multilayers. By contrast, this approach is not applicable in
the case of weakly interacting substrates such as, e.g., SiO2 or
graphite.65,66 Apparently, this strategy is also of limited use for

Figure 6. Schematic representation of structural phases of the PFP
monolayer on Ag(111) adopted at different temperatures. The dis-
ordered layer formed at room temperature condenses upon cooling and
forms a densely packed (6 � 3) structure below 145 K coexisting with
uncovered regions of the silver substrate. Note that all displayed phases
exhibit the same coverage.
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preparation of densely packed monolayers of molecules with
pronounced form-anisotropy adsorbed on substrates with
low corrugation. In that case, competing diffusion and entropic
effects favor the formation of disordered adlayers at elevated tem-
perature. Upon subsequent cooling, the molecular motion is
frozen out, and densely packed crystalline regions are formed,
which coexist with uncovered regions of the substrate as depicted
schematically in Figure 6. In principle, such an incomplete film
can be backfilled by additional dosing as shown in Figure 3.
However, this approach may lead to unwanted bi- or multilayer
growth, hence again requiring an annealing step. Interestingly,
this annealing step leads back to an incomplete monolayer.
Therefore, the preparation of a saturated densely packed mono-
layer of such anisotropic molecules on weakly corrugated sub-
strates appears to be virtually impossible. Instead, either a less
densely packed monolayer is achieved or multilayer islands are
present.

’CONCLUSION

In conclusion, we find a temperature dependent structural
transition of the PFP monolayer adsorbed on Ag(111). Between
130 and 160 K, the adsorbed PFP undergoes a change from the
low-temperature densely packed crystalline phase, that coexists
with bare Ag(111) regions, to a disordered phase of diffusingmole-
cules. This finding explains why previous studies have not been
able to image such PFP monolayers at room temperature by
means of STM.17,18 Moreover, it highlights a fundamental prob-
lem of preparing densely packed adlayers by thermal desorption
of multilayer films. In the case of shape anisotropic molecules
adsorbed on weakly corrugated substrates, diffusion hampers a
dense packing and could favor interdiffusion of molecules from
the first to higher layers. Structural transitions, as observed in the
case of PFP on Ag(111), are important in particular for a con-
trolled preparation of heterostructures. For disordered template
layers with highly mobile molecules, interdiffusion may lead to
undefined interface structures. Since the film geometry is decisive
for the interfacial electronic structure, studies of charge transfer
dynamics have to consider not only the crystal structure determined
at low temperatures but also coverage and temperature dependent
effects.
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5.5.1 Abstract

Vibrational properties of highly ordered crystalline perfluoropentacene (PFP) films epi-
taxially grown on KCl(100) and NaF(100) substrates have been studied by means of
transmission infrared spectroscopy and density functional theory. The different molecular
orientations adopted by PFP on both substrates (standing vs lying) and their epitaxial or-
dering enable precise polarization-resolved measurements along individual crystallographic
directions and thus allow an unambiguous experimental determination of the polarization
of the IR modes. Computations of the vibrational spectra beyond the single-molecule
approximation were employed at the periodic dispersion-corrected density functional
level (PBE-D2PBC) and compared with nonperiodic calculations (PBE-D2/def2-TZVPP).
Thereby, a detailed mode assignment based on vibrational energies and polarization
information was attained. A microscopic explanation for the experimentally observed
Davydov splitting of some modes and the IR inactivity of others was derived based on the
mutual coupling of the dynamical dipole moments of the two molecules within the unit
cell. Experimentally observed modes not covered by our theoretical analysis have been
identified as combination bands of IR-active modes coupled to totally symmetric modes
of similar displacement patterns. These findings have important implications for future
studies on structure and charge transport in organic semiconductors and the validation of
theoretical approaches for the modeling of vibrational spectra.
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5.5.2 Methods

Density Functional Theory, Fourier-Transform-Infrared-Spectroscopy, Organic Molecular
Beam Deposition, Polarized Optical Microscopy

5.5.3 Own Contribution

All samples have been prepared by myself. I have planned and conducted all experiments
by myself, with some initial assistance and experimental instructions by Peter Jakob.
The DFT calculations have been performed by Ralf Tonner with assistance of Mehmet
Ali Celik. I have prepared the data for publication and written the major part of the
manuscript, while Peter Jakob, Ralf Tonner and Gregor Witte have helped to improve it.
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ABSTRACT: Vibrational properties of highly ordered crystalline perfluoropentacene
(PFP) films epitaxially grown on KCl(100) and NaF(100) substrates have been
studied by means of transmission infrared spectroscopy and density functional theory.
The different molecular orientations adopted by PFP on both substrates (standing vs
lying) and their epitaxial ordering enable precise polarization-resolved measurements
along individual crystallographic directions and thus allow an unambiguous
experimental determination of the polarization of the IR modes. Computations of
the vibrational spectra beyond the single-molecule approximation were employed at
the periodic dispersion-corrected density functional level (PBE-D2PBC) and compared
with nonperiodic calculations (PBE-D2/def2-TZVPP). Thereby, a detailed mode
assignment based on vibrational energies and polarization information was attained. A
microscopic explanation for the experimentally observed Davydov splitting of some
modes and the IR inactivity of others was derived based on the mutual coupling of the
dynamical dipole moments of the two molecules within the unit cell. Experimentally observed modes not covered by our
theoretical analysis have been identified as combination bands of IR-active modes coupled to totally symmetric modes of similar
displacement patterns. These findings have important implications for future studies on structure and charge transport in organic
semiconductors and the validation of theoretical approaches for the modeling of vibrational spectra.

I. INTRODUCTION
Infrared (IR) spectroscopy is one of the most common
spectroscopic techniques in material science used to identify
molecular compounds and to detect chemical functional
groups.1 It combines nondestructiveness with high spectral
resolution and sensitivity allowing us, in particular, to
characterize fragile or radiation-sensitive molecular materials2

and thus to elucidate metastable intermediates occurring, for
instance, in heterogeneous catalysis.3 Moreover, it can be
utilized to determine the molecular orientation of adsorbates at
interfaces4 or to derive conformational information.5 Beyond
that, IR spectroscopy can be applied to a wide range of sample
types such as gases, liquids, and solids, hence making this
technique quite versatile.6 An important basis for the analysis of
IR spectra is the precise identification and assignment of the
measured vibrational bands. As functional groups exhibit
characteristic spectral features, they are commonly used as
fingerprints to identify molecular species.7 This approach is,
however, of limited use when analyzing nonfunctionalized
conjugated aromatic molecules: instead of localized vibrations
of distinct chemical bonds (except some C−H stretching
modes), the displacement patterns appear more distributed
(delocalized) over the entire molecule hence yielding phonon-
like modes.
Today, a common approach to analyze vibrational spectra of

molecules is based on quantum chemical calculations. Density
functional theory (DFT) has become the standard method for
ab initio investigations of materials8 and was also found to

describe adequately the vibrational spectra of molecular
crystals.9 A well-known shortcoming of present-day density
functionals is the inability to describe dispersion interactions
correctly. (See ref 10 and references therein.) This circum-
stance is important not only for investigations of free
molecules11 but also even more for molecular crystals that
are held together mainly by van der Waals forces. Besides other
recent developments tackling the dispersion problem in DFT,12

the semiempirical correction scheme by Grimme (DFT-D)
gives promising results.13 It was found to describe accurately
molecular crystals14 and also to be in agreement with more
elaborate second-order perturbation theory (MP2) methods.15

In particular, it promises to correct the known overestimation
of lattice parameters associated with the PBE functional.16

In most joint experimental and theoretical studies, the
assignment of vibrational modes relies on calculations of the
free molecule and matching of vibrational energy levels
between theory and experiment. Primarily, this provides a
reasonable description, although it disregards energetic shifts
due to polarization effects of surrounding molecules. It
inherently fails, however, to describe the so-called Davydov
splitting (also denoted as factor-group splitting)17 occurring for
molecular solids with nonprimitive basis.18 The factor-group
analysis method for the interpretation of vibrational spectra is
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much older though.19 By contributions from several
groups,18a,20 it became clear that these splittings cannot be
neglected when an in-depth understanding of the vibrational
spectra is aimed at, demanding for a theoretical description
beyond the single molecule approximation. An analysis of
Davydov splittings based on ab initio methods and taking into
account mode polarizations has not been attempted up to now.
Polycyclic aromatic hydrocarbon (PAH) molecules have

become the focus of research for various reasons. On the one
hand, it was found that emission spectra of most galactic and
extragalactic sources are dominated by IR features of large
PAHs that had caused a vital interest in their vibrational modes
to identify such extra-terrestrial organic species.21 In addition,
PAHs have attracted significant attention in recent years
because their electronic properties render them promising
materials for the fabrication of organic electronic devices such
as organic field-effect transistors (OFETs).22 In view of the
importance of vibronic coupling for the charge-transport
mechanism in such π-conjugated molecular semiconductors,23

a detailed understanding of the vibrational properties and their
coupling in molecular solids is of utmost importance.
Although IR studies have been carried out in the past for

molecular solids, they were mostly limited to polycrystalline
films, whereas only rather few studies of molecular single
crystals have been reported.18c,d,24 More specific, these crystal
studies were essentially restricted to molecular salts or
asymmetrically substituted molecules that exhibit notable
electrostatic interactions. By contrast, purely van der Waals
bound crystals that are of interest in connection with organic
electronics have not been studied systematically. In part, this is
due to difficulties in growing sufficiently sized crystals. Whereas
organic semiconductor crystals have been successfully grown by
physical vapor transport method, this yields, however, in many
cases plate-like or flaky crystals with a thickness of few
micrometers only,25 which restricts access to one crystallo-
graphic face only. In addition, many aromatic molecular
materials exhibit tremendous absorptions, which limits trans-
mission measurements to rather thin crystals (<100 μm). By
contrast, the quantitative analysis of reflection absorption
measurements is complicated by rotation of the polarization. So
far, these difficulties have hampered a detailed comparison of
theoretical and experimental data that is required to improve
theoretical descriptions further, eventually enabling exact
theoretical analyses of more complicated systems, like multi-
nary molecular crystals.
Here we report on a detailed analysis of the vibrational

properties of perfluoropentacene (PFP) crystals. Whereas the
molecular symmetry of this recently synthesized n-type
semiconductor26 is identical to that of the nonfluorinated
analog, pentacene (PEN), the reduced masses of C−F and C−
H units are quite different. As a consequence, different
vibrational energies are expected, which in turn also affect the
reorganization energy and thus the activation of charge
transport properties.23b This makes PFP an interesting model
system to study vibrational properties of fluorinated acenes and
to compare with hydrogenated oligoacenes, which exhibit
preferentially p-type conduction. Although some IR modes of
polycrystalline PFP films have been previously reported,27 no
complete vibrational analysis and mode assignments are yet
available. In its crystalline bulk phase, PFP exhibits a layered
structure where molecules are oriented upright in such layers,
whereas the aromatic planes adopt a perpendicular face-on-
edge herringbone arrangement, yielding an almost rectangular

unit cell (cf. Figure 1b,c). In previous works, we have
demonstrated that epitaxial PFP films can be grown on

NaF(100) and KCl(100) surfaces.28 Interestingly, on these
substrates, different molecular and crystalline orientations
(standing or lying) are adopted, which, in combination with
the IR transparency of the supports, enable detailed polar-
ization-resolved transmission IR measurements of crystalline
PFP films. This allows, in particular, an experimental
determination of the mode polarizations from the appearance
and disappearance of IR modes in spectra that were recorded
with the electric field vector oriented along different crystallo-
graphic directions and thus different molecular orientations.
Accompanying ab initio crystal calculations reproduce the
energy and polarization of the IR modes well and provide a
detailed explanation of the observed Davydov splitting behavior
of the majority of modes. Moreover, additional modes that
appear in the experimental spectrum are identified as
combination modes of fundamental IR-active modes and
symmetric vibrational modes.

II. METHODOLOGY
II.1. Experimental Section. PFP (purity >99%) was

purchased from Kanto Denka Kogoyo, whereas PEN (purity
> 99.9%) was obtained from Sigma Aldrich. To provide
reference samples with isotropic molecular orientation, KBr
pellets of each component were fabricated by grinding a mass
fraction of one thousandth into KBr powder and compressing
disks with a thickness of 0.5 mm. Higher concentrations of PFP
or thicker pellets led to saturation effects in the IR spectra.
Uniformly oriented and crystalline PFP films were prepared

under high vacuum conditions by molecular beam deposition
onto KCl(100) and NaF(100) surfaces. The layers were
evaporated from a Knudsen cell at deposition rates of 6 Å/min
monitored by quartz crystal microbalance.
The alkali halide surfaces have been prepared by cleaving

slices of ∼2 mm from single-crystal rods (Korth Kristalle) in air.
Subsequently, the samples were transferred into the vacuum
system using a load-lock system and annealed at 450 K in

Figure 1. (a) Perfluoropentacene molecule with designation of the
molecular coordinate system (LMN). (b) View onto the (ac)-plane
(i.e., along the [010] direction) and (c) view onto the (bc)-plane (i.e.,
along the [100] direction) of the molecular PFP crystal. Note that due
to the triclinic lattice the unit cell vector a is not exactly perpendicular
to the (bc)-plane but forms an angle of 91.5°.
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vacuum to remove adsorbed water. The resulting structure of
the various films had been thoroughly analyzed in previous
works by means of atomic force microscopy, X-ray diffraction,
optical spectroscopy, and polarization microscopy.28

All IR spectra were measured with a Bruker IFS66v FTIR
spectrometer using a water-cooled globar as a light source, a
wire-grid polarizer, and a liquid nitrogen-cooled MCT detector
that allows measurements in the spectral range of 700−5000
cm−1. Because of the IR transparency of the substrates, all
spectra have been recorded in transmission geometry. All data
were acquired with a resolution of 2 cm−1 and 2000 scans were
averaged to achieve adequate statistics. To minimize IR
signatures due to gas-phase water and CO2 contaminations,
we evacuated the spectrometer at least 30 min before data
acquisition. Afterward, the signal intensity of the corresponding
absorption bands at 1300−2000 and 3500−4000 cm−1 (water)
as well as around 2350 cm−1 (CO2) had virtually vanished. To
omit substrate effects as well as interference and contami-
nations from the used optics, we post-processed the measured
spectra by rationing with spectra of uncovered alkali halide
substrates or pure KBr pellets, respectively, to obtain the
absorbance of PFP.
II.2. Computational Details. a. Free Molecule. Geometry

optimizations without symmetry constraints have been carried
out using the Gaussian09 optimizer (standard convergence
criteria)29 with Turbomole30 (version 6.3.1) energies (con-
vergence criterion 10−8 a.u. and grid-size m4) and gradients
with the functional and basis set combination PBE31/def2-
TZVPP32 considering dispersion effects by applying the D2
method for the sake of consistency with the periodic
calculations.13 This level of approximation is denoted by
PBE-D2 in the following. Further calculations have been carried
out without dispersion correction (PBE) and with the
functionals BP8633 and B3LYP34 as well as ab initio methods
(MP2). Other basis sets (def2-SVP, def2-QZVPP)32 were
tested for convergence checks. Stationary points were
characterized as minima by calculating the Hessian matrix
analytically at this level of theory.35 The resolution of identity
method has been applied throughout for the approximation of
four-center integrals.36

b. Molecular Crystal. The molecular crystal of PFP was
studied by means of DFT calculations employing the Vienna
Ab Initio Simulation Package (VASP 5.2),37 which uses
periodic boundary conditions (PBCs). The generalized gradient
approximation (GGA) using the exchange-correlation func-
tional proposed by Perdew, Burke, and Ernzerhof (PBE)31 was
used in combination with a plane-wave basis set. The projector-
augmented wave (PAW) method38 was used and enabled a
truncation of the plane-wave basis set at a kinetic energy of 500
eV. The projection operators for the nonlocal part of the
pseudopotentials were evaluated in real space (LREAL = Auto)
with the exception of the linear response calculations. The
Brillouin zone for the molecular crystal calculation was sampled
by a 2 × 6 × 4 k-point mesh generated via the Monkhorst−
Pack method.39

Structural optimization was performed starting from the
crystal structure derived from XRD measurements26 by means
of a conjugate-gradient or quasi-Newton algorithm for ionic
positions and cell parameters until the forces converged to 2 ×
10−2 eV Å−1 and the energy during SCF cycles converged to
10−5 eV. Vibrational frequencies at the Γ-point of the molecular
crystal were calculated through building up the force constant
matrix in a linear response approach. IR intensities were
calculated with a linear response approach originally formulated
by Giannozzi and Baroni,40 as implemented in VASP for the
PAW formalism.41,42

Dispersion effects have been considered by the semiempirical
correction scheme proposed by Grimme in the D2
formulation13 as implemented in VASP,14c which is crucial
for an accurate description of molecular crystals dominated by
dispersive interactions. This methodology is abbreviated PBE-
D2PBC in the following. All vibrational calculations were carried
out in the harmonic approximation, and representations of IR
spectra used a Lorentzian broadening with an fwhm of 5 cm−1.
To provide an easier access to comparing the computed and
the experimental spectrum, we applied a scaling factor close to
unity for all spectra (exact value discussed in Results section).
The intensity of IR-active modes depends on the magnitude of
the dynamical dipole moment μ̃ = ∂μ/∂q (i.e., the derivative of
the molecular dipole moment μ with respect to the normal
coordinate q) according to (I ∝ μ̃2)43 and is given relative to
the most intense mode. The measured absorbance spectra were
likewise normalized to the most intense mode and are
presented in units of intensity (I ∝ A), which is a measure
for the oscillator strength of the corresponding modes.

c. Validation of Computational Methods. Because the
simulation of vibrational spectra is strongly dependent on an
accurate reproduction of the molecular structure, the obtained
optimal geometries are briefly discussed in this section. The
experimental structure is reproduced sufficiently accurate with
both theoretical approximations, resulting in a root-mean-
square error of 0.011 (PBE-D2) and 0.013 Å (PBE-D2PBC),
respectively, for all bond lengths (Figure S1 in Supporting
Information). Comparison with other methods (PBE, BP86,
B3LYP, MP2) and basis sets (def2-SVP, def2-QZVPP) showed
that all methods are comparable in their accuracy, but a basis
set of triple-ζ quality is necessary to obtain accurate geometries.
(Details can be found in Table S1 in the Supporting
Information.) Deviations of up to 12 cm−1 are found between
PBE and PBE-D2 calculations of vibrational frequencies.
Whereas the free molecule exhibits the full D2h point-group

symmetry, PFP in the solid state only shows Ci symmetry due
to site symmetry constraints that are reproduced in the
calculation. For the crystal calculation, the lattice parameters
obtained in the optimization can also be compared with
experimental results, as shown in Table 1. In agreement with
the literature, we find that PBE overestimates the volume of the
unit cell by ∼11%;14c,44 PBE-D2PBC deviates by only 3.6%. The
overbinding observed for the latter method has also been
previously found and might be explained with temperature

Table 1. Comparison of Experimental and Theoretical PFP Crystal Lattice Parametersa

a b c α β γ V

exp.26 15.51(1) 4.490(4) 11.449(11) 90 91.567(13) 90 797.0(13)
PBE-D2PBC 15.546 4.356 11.352 90 91.490 90 768.4
PBE 15.678 4.727 11.927 90 90.416 90 883.9

aLengths, angles between lattice vectors, and unit cell volume are given in Å, degrees, and Å3, respectively.
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effects in the experimental structure, as calculations were
performed for T = 0 K, whereas the X-ray measurements were
carried out at T = 173 K.44 This indicates that our
computational methodology delivers accurate structures and
suggests reliable calculations of the vibrational spectra.

III. RESULTS
III.1. IR-Spectra of PEN and PFP Pellets. Figure 2 shows a

comparison of IR spectra recorded for PFP and PEN pestled in

KBr-pellets. Besides the characteristic C−H modes of the
stretching region around 3050 cm−1, PEN exhibits only very
few intense vibrational modes between 750 and 1400 cm−1.
This appears to be a characteristic signature of polycyclic
hydrocarbons (PAHs) that have been systematically studied in
the past by means of matrix isolation techniques.45 By contrast,
for the perfluorinated species, no modes occur above 1700
cm−1 that can be attributed to the distinctly different reduced
masses of C−H and C−F yielding an expected frequency
reduction by a factor of 0.36. Beyond that, the IR spectrum of
PFP reveals a large number of modes appearing in the same
frequency range as for the nonfluorinated analog, but they are
distinctly more intense. To quantify the integral absorbance of
PEN and PFP, we compared IR spectra of stoichiometrically
equivalent amounts of both compounds. In this context, we
note that the small portions of PEN and PFP used in the pellets
limit the weighing of equivalent amounts of both materials
within an error of ∼20%. In comparison, the integrals over
these spectra in the spectral range from 700 cm−1 to 3200 cm−1

yield, however, values of 25.8 (PEN) and 315.6 (PFP), thus
proving a clearly stronger absorbance of IR radiation in the case
of PFP compared with PEN. Similar findings have been
reported before for smaller acenes such as perfluoro-
naphthalene.45 These properties cannot be explained by a
simple mass loading and instead represent characteristic
differences in the vibrational properties between hydrogenated
and fluorinated PAHs. As will be discussed below in
combination with our theoretical analysis, perfluorination
causes a distinct modification of the displacement pattern. In

the case of PEN, essentially the hydrogen atoms are vibrating
with respect to the rather motionless carbon frame, whereas in
PFP the carbon frame is largely displaced relative to the heavier
F-hemline.

III.2. Oriented PFP Thin Films. The isotropic molecular
orientation in pellets allows the excitation of all IR-active
modes; the pellet spectrum, however, does not provide any
information on the mode polarization. To also determine the
polarization of the various vibrational modes, we carried out
additional measurements on PFP films with well-defined
molecular orientations. Utilizing the exceptional epitaxial
growth of PFP films on NaF(100) and KCl(100) substrates
yields characteristic crystalline orientations: on sodium fluoride,
(100)-oriented films are grown, where PFP molecules adopt a
uniform upright orientation, whereas (102)-oriented films are
formed on potassium chloride displaying a recumbent
molecular orientation.28 Considering the crystal structure of
PFP,26 these different film orientations yield tilt angles of the
long molecular axis (L, cf. Figure 1a) with respect to the surface
plane of θ(100) = 79° on NaF and θ(102) = 8° on KCl, as shown
schematically in Figure 3. The intensity, determined from the

measured absorbance, of IR-active modes depends on the
orientation of the respective dynamical dipole moments, μ̃,
relative to the electric field vector E of the incident light, that is,
I ≈ |E·μ̃|2. Therefore, the intensity of PFP modes polarized
along the long molecular axis scales proportional to (cos α)2,
with α being the angle between E and μ̃. This yields an almost
complete polarization contrast (0.04 vs 0.98) for PFP films
deposited on the two substrates. Therefore, from the
appearance and disappearance of IR modes, a clear distinction
between polarizations along (on KCl) or perpendicular to the
long molecular axis (on NaF) can be concluded.
Figure 3 shows a comparison of the PFP/KBr pellet

spectrum with the IR-transmission spectra recorded for 150
nm PFP films grown on KCl(100) and NaF(100), respectively.
The spectra of PFP/NaF and PFP/KCl have some modes in
common (marked by solid lines in Figure 3), whereas others
are active only on the one substrate and inactive on the other
one and vice versa. For example, the vibrational modes at 869,
1169, 1486, and 1581 cm−1 are active in the PFP/KBr-pellet

Figure 2. IR absorption spectra of (a) pentacene (PEN) and (b)
perfluoropentacene (PFP) pestled in KBr pellets recorded with the
same detection sensitivity.

Figure 3. Transmission IR spectra recorded for differently oriented
PFP molecules: (a) isotropic orientation in KBr pellet, (b) recumbent
orientation in thin films on KCl(100), and (c) upright orientation in
thin films on NaF(100) together with schematic representations of the
molecular orientation relative to the incident light shown on the right-
hand side. Solid lines mark modes that appear in both orientations,
dotted lines mark those only active in PFP/KCl (100), and dashed
lines mark those that exclusively appear in PFP/NaF (100) films.
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and in the PFP/KCl thin film (dotted lines), whereas they are
inactive in the case of PFP/NaF, hence reflecting a polarization
along the molecular L-axis. Other modes, like those at 919 and
1419 cm−1, disappear only for PFP films on KCl (dashed lines)
and thus indicate a polarization perpendicular to the L-axis. We
note that such a polarization assignment was also achieved for
the closely spaced vibrational bands between 1400 and 1500
cm−1 (cf. Figure S3 in the Supporting Information). A
superposition of IR-spectra obtained for PFP-films on the
two substrates actually reproduces all modes appearing in the
PFP pellet spectrum. Only small variations in the mode
energies of <3 cm−1 are found for the various films, which are
attributed to slight lattice relaxations due to varying degrees of
lattice match between the substrate and differently oriented
epitaxial PFP films.28 Merely the mode at 1486 cm−1 is shifted
by as much as 5 cm−1 when comparing the crystalline PFP film
on KCl and the pellet spectrum (cf. Figure S3, Supporting
Information). We note further that the mode at 1522 cm−1 was
only detected in the PFP pellet spectrum, whereas it is missing
in the crystalline films on the alkali halides and thus is
attributed to an impurity, as film preparation by evaporation
leads to an additional purification.
The PFP lattice has a nonprimitive unit cell containing z = 2

molecules, each consisting of n atoms. As a consequence, each
of the (3n − 6) vibrations of the free molecule splits into z
modes in the crystal (so-called Davydov splitting; we do not
consider librations and translational vibrations in the crystal
here because they arise in a different energy window, not
accessible to our experiment) so that a larger number of dipole
active modes occurs for the crystalline phase19c compared with
the free molecule. The fact that the number of IR-active modes
observed in the PFP-KBr pellet equals that of a superposition of
the PFP/KCl and PFP/NaF spectra thus directly proves that
the IR spectrum of PFP powder grinded in KBr does not
represent a single-molecule IR spectrum like it is obtained by gas-
phase or matrix spectroscopy. Instead, the PFP powder actually
consists of small microcrystallites isotropically oriented within
the KBr matrix, leading to the appearance of modes exhibiting
Davydov splitting, like, for example, the modes at 919 and 933
cm−1, as will be discussed later.
III.3. Polarization-Dependent Measurements. Further

information on the polarization of the IR-active modes can be

obtained by taking advantage of the epitaxial alignment of PFP
on both alkali halide substrates, which yields an alignment of
the b-axis of the PFP lattice along the ⟨010⟩NaF and ⟨011⟩KCl
directions, respectively.28 Because of the four-fold symmetry of
the (100) substrate surfaces, such epitaxial PFP layers appear,
however, in 90° rotational domains. As a consequence, the
polarization contrast is reduced to A cos(φ)2 + A′ cos(φ +
90°)2, where φ denotes the angle between the in-plane
projection of the dipole moment and a high symmetry azimuth
of the substrate, for example, the ⟨001⟩ direction. Note that in
the case of local majorities where only one rotational domain
appears, this dependency simplifies to cos(φ)2, whereas equally
distributed domain sizes A and A′ lead to a cancellation of the
in-plane contrast. To avoid such a domain averaging and still
enable precise azimuthally resolved IR-measurements, we
positioned apertures of 1000 (PFP/KCl thin films) and 500
μm (PFP/NaF thin films) above one rotational domain with
the help of a polarization microscope (cf. Figure S2, Supporting
Information) by exploiting the optical anisotropy of crystalline
PFP.28 Note that this approach is only possible because PFP
films on KCl form rather large uniformly oriented domains
extending over several square millimeters.
Figure 4a compares domain-averaged IR spectra (without an

aperture) of PFP films on KCl(100) and those of a single
domain that were recorded for different azimuthal in-plane
orientations of the electric-field vector of the incident linearly
polarized light. The largest intensity variation occurs at angles
of φ = 135 and 45° between the polarization plane and the
⟨001⟩KCl direction. In those cases, the incident field vector E is
aligned essentially parallel to the molecular L-axis or
perpendicular, that is, along the b-axis of the PFP-lattice (as
shown schematically in Figure 4c). A more precise character-
ization of the in-plane orientation of the dynamical dipole
moments of the various vibrational modes was achieved by
systematically acquiring IR spectra at different azimuthal
positions by rotating the sample in steps of Δφ = 15°. For
example, the modes at 869, 1098, 1169, and 1486 cm−1 exhibit
maximal intensity for light polarization mainly along the PFP L-
axis (φ = 135°), whereas the modes at 933, 979, 1148, 1448,
and 1459 cm−1 almost vanish; for light polarized along the b-
axis (φ = 45°), the intensity of these modes is reversed. The
corresponding curve progression of the modes at 869 and 933

Figure 4. Polarization-resolved IR absorption spectra of epitaxial PFP films on (a) KCl(100) and (b) NaF(100). (c) Sketch of the aperture setup on
single-crystalline domains on KCl(100). (d) Intensity of two IR modes (869 and 979 cm−1) at different light polarizations in 15° steps (in PFP/KCl
film). (e) Top-view of the PFP(100) plane, which is adopted in thin film growth of PFP on NaF, including unit cell axes and azimuth directions of
the substrate. (f) Same as panel d for IR modes at 919 and 933 cm−1 (PFP/NaF film).
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cm−1, which is shown in Figure 4d, clearly reflects the expected
(cos φ)2-dependency. A similar behavior was also observed for
other modes (marked by dashed lines in Figure 4a), thus
indicating a distinct mode polarization along the L-axis. We
note that the noncomplete vanishing of the excitation
probability at the minimum is due to the fact that despite
precise positioning of the aperture a small minority of the
inverted rotational domain and thus orthogonal molecular
orientation is simultaneously illuminated (cf. Figure S2a,
Supporting Information).
The upright orientation of PFP molecules on NaF(100)

substrates allows us furthermore to study also the polarization
dependency of IR modes within the bc-plane of the PFP-lattice.
Although corresponding measurements are impeded by the
distinctly smaller domain sizes, which hampers exclusive
illumination of only one rotational domain, a distinct in-plane
polarization contrast is observed. (Positioning of the aperture is
shown in Figure S2b of the Supporting Information.) As
depicted in Figure 4b, for example, the modes at 933 and 1448
cm−1 (dashed lines) appear most intense, if the polarization
plane is oriented parallel to the b-vector of the PFP lattice,
whereas they are much weaker if E is perpendicular to b (i.e.,
parallel to the c-axis of the PFP lattice).
Interestingly, the condition that the exciting E-field is

oriented parallel to the b-vector of the PFP lattice and
simultaneously perpendicular to the molecular L-axis can be
fulfilled for either PFP/KCl or PFP/NaF films if the
polarization of light is adjusted appropriately. In fact, this
condition is met for the second spectra of Figure 4a,b, hence
explaining their similarity. Additional modes appearing in the
IR spectrum of PFP/NaF can be attributed to the minority
domains, which have been visualized by polarization micros-
copy (cf. Figure S2b, Supporting Information). Figure 4f shows
the consequences of this nonideal contrast using the example of
the vibration modes at 919 and 933 cm−1. The mode intensity
is, for every azimuthal angle, φ, significantly above zero, as the
deactivation of one mode (at angles 0°, respectively, 90°) in
one domain coevally leads to its full excitation in the other
domain.
The complete polarization dependence of the epitaxial PFP-

films on KCl (100) and NaF (100) spectra is displayed in
Figure 5a,b) in false color 3D contour plot. In both cases, the
individual modes are found to exhibit distinct intensity
variations as the azimuthal direction of the electric field is
varied, in accordance with spectra in Figure 4 and the mode
polarizations in Table 2. For both substrates, the region from
1390 to 1510 cm−1 with narrow-spaced intense modes has been
additionally displayed on an enlarged scale.
The residual mode intensity caused by the presence of

orthogonally oriented minority domains can be compensated
effectively by calculating difference spectra, for example, by first
weighting the third spectrum (PFP/KCl, φ = 135°) in Figure
4a, such that the intense peaks (marked by a dashed line) are of
the same intensity as in the second spectrum (PFP/KCl, φ =
45°), and calculating the difference of both spectra yields a
(hypothetic) spectrum of one uniformly oriented domain
showing only IR modes that are polarized along the b-vector of
the PFP lattice. Analogously, spectra of pure L-polarization are
obtained by subtracting the weighted spectrum ii from
spectrum iii, whereas subtracting a weighted spectrum v from
spectrum vi (PFP/NaF, φ = 90°) yields an IR-spectrum of c-
polarized modes (see Figure S4, Supporting Information). This
azimuthal dependency allows us to determine precisely the

polarization of all experimentally observed IR-active modes,
which are summarized in Table 2. The polarization resolved
measurements allow, in particular, a separation of modes
accumulated in narrow spectral regions (e.g., around 1400−
1500 cm−1), whereas this is hardly achieved for the pellet
spectrum, where the total intensity results from an incoherent
superposition of differently polarized modes.
Considering that both PFP molecules in the unit cell adopt a

perpendicular face-on-edge herringbone packing motif in their
crystalline bulk phase (Figure 4e), the dynamical dipole
moments of the M-polarized molecular vibrations are also
expected to be orthogonal. Therefore, by simply adding the
excitation probabilities of two orthogonal oriented single
molecules incoherently, no bc-plane polarization dependence

Figure 5. False color 3D plots (color coding: green−yellow−red−
blue) of polarization-resolved IR absorption spectra of epitaxial PFP
films on (a) KCl(100) and (b) NaF(100) with magnification of
frequency range 1390−1510 cm−1. The denoted angle φ represents
the angle between the E-vector and the substrate ⟨001⟩-direction (cf.
Figure 4).
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of the IR modes would be expected. The experiment, however,
reveals a distinct in-plane polarization dependence (cf. Figure
4f), thus indicating a coherent coupling of the individual
vibrations of the two molecules per unit cell for excitations
along and perpendicular to the b-axis, respectively. A detailed
understanding of this observation is provided by the theoretical
analysis given in the next section.
III.4. Vibrational Spectrum Calculated by Ab Initio

Methods. To obtain a more detailed understanding of the
vibrational spectra, quantum-chemical calculations have been
carried out in the single-molecule approximation but also
employing the full periodicity of the molecular crystal at the
dispersion-corrected density-functional level as outlined in the
computational details section. A comparison of the IR spectrum
measured for the PFP/KBr pellet with the computed spectra in
single-molecule approximation and with the full crystal
environment is displayed in Figure 6. Because ab initio
harmonic vibrational frequency calculations are known to
slightly over- or under-estimate the true mode energies,46

empirical scaling factors are used. To determine a reliable
scaling factor, only those modes were considered that reveal a
congruent polarization dependence between experiment and
theory (modes 66, 67α, 67β, 69α, 69β, 72α, 74α, 74β, 85β, 90α,

90β, 91α, 91β, 92α, 98β, 101α, 101β). This yields a scaling
factor for the calculated modes of 1.015, which reproduces the
experimental mode frequencies with a standard deviation of
0.0059 cm−1.
Note that such a comparison was only possible in the case of

the crystal calculation. Therefore, the same scaling factor was
also employed for the analysis of the single-molecule
calculation, which is based on the same exchange-correlation
functional. We note further that a straightforward approach
where simply the most intense modes in experiment and theory
are compared yields improper results because of the inability to
reproduce all modes. Whereas the separation of valence and
deformation vibrations is difficult for cyclic molecules,47 the
ordering according to irreducible representations of the point
group of the molecule (D2h) is not valid anymore for the
symmetry-reduced molecule in the crystal (Ci). Consequently,
we decided to number the vibrational modes consecutively
based on mode energies derived in the computations of the
single molecule. The mode numbering of the crystal calculation
was provided by identifying molecular displacement patterns in
the corresponding normal modes of the single-molecule
vibrations.
By visual inspection of the spectra, an excellent agreement is

found. The major peaks of the experimental spectrum are
reproduced by the computed spectra of the isolated molecule
(Figure 6), validating this approach usually chosen in the past
as a first approximation. A full list of all 102 calculated modes
(3n − 6) is available in the Supporting Information. Decisive
features lacking in the free molecule spectrum are the Davydov
splitting of modes. This latter effect can only be reproduced by
computations considering the crystal environment (black curve
in Figure 6).
Although a rigorous comparison of methods for computing

vibrational spectra was not the focus of this investigation, we
tested the performance of other functionals (BP86, B3LYP)

Table 2. Frequencies (ν in cm−1)a, Intensitiesb (I,
Normalized to the Most Intense Mode at 1486 cm−1), and
Polarization (Orientation of Dynamical Dipole Moment μ̃)
of All Experimentally Observed IR-Active Modes in the
Crystalline PFP-Films

ν I μ̃

869 0.38 L
919 0.61 c
933 0.40 b
969 0.16 c
974 0.32 c
979 0.32 b
1098 0.51 L
1144 0.07 c
1148 0.10 b
1169 0.12 L
1218 0.03 L
1241 0.06 L
1242 0.11 c
1244 0.04 b
1360 0.11 b
1367 0.15 L
1415 0.47 c
1419 0.63 c
1425 0.08 b
1432 0.85 c
1440 0.13 L
1448 0.60 b
1457 0.20 c
1459 0.46 b
1468 0.44 b
1486 1.00 L
1581 0.25 L
1678 0.14 c
1680 0.17 b

aExperimental frequencies were determined in the PFP/KCl and PFP/
NaF thin films. bRelative intensities were derived from the PFP/KBr
pellet spectra.

Figure 6. Comparison of experimental (KBr-pellet) and computed IR-
spectra for free molecule (PBE-D2) and molecular crystal (PBE-
D2PBC) of PFP with mode assignments according to Table 3. Davydov
splittings are designated with α and β for the respective modes. All
calculated mode frequencies have been scaled by a factor of 1.015, and
the modes have been convoluted by Lorentzian (fwhm = 5 cm−1) to
provide a realistic comparison with the experimental data. An impurity
band is designated by *.
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and ab initio methods (MP2) and checked the influence of
adding the D2-correction to the PBE functional for the single-
molecule spectrum of PFP (see Figure S5, Supporting
Information).
The computed spectra show overall good agreement.

Nevertheless, the intensities of individual modes slightly differ
for different methods as well as their energies. Therefore, care
has to be taken in comparison of single-molecule spectra with
experimental results without information about mode polar-
izations.
Figure 7 shows exemplarily the displacement pattern of the

two lowest energy molecular modes obtained in the presently

studied spectral range above 750 cm−1, namely, mode 66 (867.3
cm−1) and mode 67 (933.4 cm−1). This illustrates, in particular,
that due to the higher mass of the fluorine atoms vibrational
motion predominantly comprises the carbon frame, a
correlation that also occurs in the other modes. Associated
dynamical dipole moments can clearly be identified based on
these displacement vectors, and vibrational symmetries can be
assigned. A visualization of all modes can be found in the
Supporting Information (Figure S6).
Note that we are not limited to a simple comparison of the

frequencies of measured and calculated molecular vibrations
but can additionally use the polarization information available
from the experiment and compare them to the results obtained
from the calculations. This enables a detailed matching of
vibrational bands, as summarized in Table 3, where all modes
with intensities larger than 1% of the most intense band are
listed, together with their polarization dependence, as received
from experimental and theoretical approaches.
On the basis of the available data, several observations can be

made. Besides the magnitude of the calculated Davydov
splittings (Δν) that nicely reproduce the experimental findings,
the following general behavior was found: all M-polarized
single-molecule vibrations split into c- and b-polarized modes
in the crystal, whereas L-polarized molecular modes exhibit
only one counterpart in the crystal, whereas the second mode
disappears. In the spectral range between 1380 and 1480 cm−1,

however, some deviations between experimental and calculated
spectra occur. In particular, additional modes appear in the
experimental spectra that have no counterpart in the crystal
calculation; these will be discussed in the following section.

IV. DISCUSSION
The present crystal calculations of the vibration spectra provide
detailed insight into the mode coupling in molecular crystals. It
allows, in particular, to explain the appearance of Davydov
splitting for some of the modes in the experimental spectra,
whereas other modes exhibit only single peaks. In agreement
with the experimental polarization analysis (cf. Table 3), the
calculations show that every L-polarized mode in the molecule
turns into an IR active L-mode in the crystal and a second
mode that does not exhibit any IR activity. By contrast,
molecular modes with M polarization give rise to two IR-active
modes in the crystal environment with b and c polarization,
respectively. This effect can be traced back to the herringbone
packing motif of the molecular PFP planes and the collinear
arrangement of the L-axes in the crystal structure, yielding
different coupling options for the individual molecular
vibrations, which will be illustrated at the example of the two
modes 66 and 67.
As shown in Figure 7, mode 66 exhibits a dynamical dipole

moment along the L-axis of the individual molecules. According
to the collinear arrangement of the long axes of PFP in the
crystal, the individual molecules can either vibrate in-phase,
leading to a total dynamical dipole moment μ̃ oriented along
the L-direction in the molecular crystal (Figure 8b), or the
dynamical dipole moments of both molecules are exactly
antiparallel if both molecules vibrate with opposite phase
(Figure 8c), leading to only one observable IR mode. On the
other hand, mode 67 has a dynamical dipole moment along the
M-axis in the single molecule (cf. Figure 7). According to the
herringbone arrangement of both molecules within the unit
cell, the vector-addition of their respective dynamical dipole
moments yields total dipole moments μ̃ oriented either along
the c-direction (Figure 8d) or the b-direction of the PFP crystal
(Figure 8e), depending on the exact phase relation. This is
completely in line with the experimental mode polarizations
and intensities of modes 66 and 67 (cf. Table 3): Whereas only
one of both Davydov components of mode 66 shows IR-
activity, mode 67 splits into two IR-active modes.
Comparing the results of the theoretical analyses carried out

for the single-molecule and crystal approximations illustrates
the influence of intermolecular couplings in the molecular solid
on the vibrational properties. In addition to the aforementioned
Davydov splitting, the mode frequencies are unequally shifted,
and also their relative intensities are affected with respect to the
single-molecule values.
Table 3 shows that the calculated mode splitting ranges from

0.2 to 36.4 cm−1, which is in close agreement with the
experimental findings (2−33 cm−1). Note that the calculations
provide, in particular, Davydov splittings Δν for L-polarized
modes, whereas they are not accessible in the experiment due
to the afore-discussed cancellation. Interestingly, the mode
splitting is not simply related to the magnitude of the dynamical
dipole moments of the involved modes, as one might anticipate
on the basis of a potential energy consideration of one dipole
moment in the electrostatic field of another dipole. For
example, modes 67 and 90 exhibit distinct molecular dipole
moments and a large splitting, whereas mode 91 reveals a large
dipole moment for the individual molecule but only a small

Figure 7. Displacement pattern (blue vectors), dynamical dipole
moment μ̃ (red arrow), and symmetry of the two vibrational modes
(ν66 and ν67) of the PFP molecule (PBE-D2). Ground-state geometry
is displaced along normal modes. Note that the actual displacement
vectors are enlarged.
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splitting in the crystal. Mode 83 shows a distinct splitting,
although the molecular dipole is rather small. This result shows
that although a pairwise summation of both molecular
dynamical dipole moments within the unit cell well explains
the mode polarization and the IR inactivity of one Davydov
component, it does not allow us to estimate the extent of mode
splitting. Instead, one has to calculate all dipole interactions to
neighboring cells (Madelung summation), like it is imple-

mented in the crystal calculation where the dipole moments are
stacked in line as well as side-by-side.
Despite an overall close resemblance of the experimental and

theoretical spectra, some of the measured bands (marked by #
in Table 3) have no counterparts in the calculations. Most
prominent, these additional and partially rather intense modes
(85% of the most intense mode) occur in the frequency range
between 1400 and 1470 cm−1 but also less intensive at 969,
1169, and 1241 cm−1. Various reasons account for the

Table 3. Frequencies (ν in cm−1)a, IR Intensities (I, Normalized to the Most Intense Mode), Dynamical Dipole Moment, μ̃,b

and Davydov Splittings (Δν) of the Main Vibrational Modesc

single molecule PBE-D2 molecular crystal PBE-D2PBC experimentd

no. ν I μ̃ no. ν I μ̃ Δν ν I μ̃ Δν

66 867.3 0.19 L (b3u) 66α 871.3 0.14 L 0.2 869 0.38 L -
66β 871.5 <0.01

67 933.4 0.31 M (b2u) 67α 925.7 0.19 c 16.4 919 0.61 c⌉ 14.0
67β 942.1 0.06 b 933 0.40 b⌋

# 969 0.16 c -
69 980.9 0.18 M (b2u) 69α 972.0 0.07 c 7.8 974 0.32 c⌉ 5.0

69β 979.8 0.07 b 979 0.32 b⌋
72 1099.8 0.25 L (b3u) 72α 1099.5 0.35 L 3.5 1098 0.51 L -

72β 1103.0 <0.01
74 1144.4 0.08 M (b2u) 74α 1140.5 0.03 c 4.0 1144 0.07 c⌉ 4.0

74β 1144.5 0.02 b 1148 0.10 b⌋
# 1169 0.12 L -
76 1209.4 0.01 L (b3u) 76α 1205.5 <0.01 3.9

76β 1209.4 0.02 L 1218 0.03 L -
77 1215.6 0.01 L (b3u) 77α 1220.7 <0.01 0.4

77β 1221.1 <0.01 L -- --
# 1241 0.06 L -
78 1231.0 0.03 M (b2u) 78α 1228.7 0.01 b 1.0 1242 0.11 c⌉ 2.0

78β 1229.7 0.02 c 1244 0.04 b⌋
81 1281.8 0.22 L (b3u) 81α 1314.8 <0.01 2.4

81β 1317.2 0.03 L -- --
83 1347.5 0.02 M (b2u) 83α 1341.8 <0.01 c 10.4

83β 1352.2 <0.01 b 1360 0.11 b
85 1365.2 0.23 L (b3u) 85α 1380.4 <0.01 0.6

85β 1381.0 0.12 L 1367 0.15 L
88 1398.9 0.05 L (b3u) 88α 1410.7 <0.01 2.1

88β 1412.8 0.01 L -- --
90 1433.9 0.84 M (b2u) 90α 1405.1 0.73 c 36.4 1415 0.47 c⌉ 33

90β 1441.5 0.43 b 1448 0.60 b⌋
# 1419 0.63 c
# 1425 0.08 b
# 1432 0.85 c

# 1440 0.13 L
91 1447.7 0.60 M (b2u) 91α 1459.9 0.04 c 2.0 1457 0.20 c⌉ 2

91β 1461.9 0.11 b 1459 0.46 b⌋
# 1468 0.44 b
92 1474.8 1.00 L (b3u) 92α 1484.1 1.00 L 5.0 1486 1.00 L -

92β 1489.1 <0.01
94 1498.0 0.19 L (b3u) 94α 1507.9 0.21 L 2.5

94β 1510.4 <0.01
98 1577.7 0.69 L (b3u) 98α 1574.9 <0.01 5.1

98β 1580.0 0.14 L 1581 0.25 L -
101 1656.5 0.29 M (b2u) 101α 1660.5 0.09 c 2.8 1678 0.14 c⌉

101β 1663.3 0.07 b 1680 0.17 b⌋ 2
aCalculated frequencies are scaled by a factor of 1.015. bDynamical dipole moments correspond to the axes denotation in Figure 1. cRows marked by
# in Table 3 indicate modes with deviation between experiment and theory, which are assigned to combination bands. (See the text.) dExperimental
frequencies were determined in the PFP/KCl and PFP/NaF thin films, whereas the intensities were derived from the PFP/KBr pellet spectra.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp304080g | J. Phys. Chem. C 2012, 116, 14491−1450314499



appearance of additional IR modes, including a break of
symmetry (either of the molecule or the crystalline lattice due
to defects or interfaces), overtone-bands, or side-bands due to
combination modes. Regarding the molecular symmetry of
PFP, we note that our theoretical geometry optimization well-
reproduces the experimental finding of a symmetry reduction
when going from a single-molecule (D2h point-group
symmetry) to the crystalline phase of PFP, which yields Ci
symmetry due to site symmetry constraints. Hence the
symmetry reduction is fully taken into account in the
vibrational calculation of the crystal. A comparison of the
calculated spectra of the free molecule and the PFP crystal (cf.
Figure 6 and Table 3) reveals only minor differences, such as
small intensity variations besides the Davydov splitting due to
the doubling of molecules within the unit cell and thus cannot
explain the presence of new modes.
Also, defect-related vibrational modes appear to be rather

unlikely because the additional modes have been observed for
the polycrystalline pellet sample as well as for highly ordered
crystalline PFP films. Moreover, they are partially rather intense
(85% of the most intense mode) and in addition reveal a
distinct polarization like the other PFP crystal modes. By
contrast, for disordered molecules at structural defects or
impurities a different symmetry than that of the crystal lattice or
further modes would be expected and thus can be ruled out.
Furthermore, the constant intensity of these modes independ-

ent of the actual transmission setup (aperture settings, sample
positioning) exclude such a local defect-related effect. Finally,
the weak chemical interaction between PFP and the alkali
halide substrates or pellet matrix also excludes additional modes
due to differently bound molecules, as observed, for example, in
the first monolayer chemisorbed on metal substrates.48

Overtone bands are expected to appear at about twice the
frequency of the corresponding fundamental vibrations because
only for higher overtones do notable frequency shifts due to
anharmonic effects occur. For all presently observed additional
modes, however, no corresponding modes at half frequencies
have been found neither in the experimental nor in the
calculated spectra.
We note further that also a direct connection of such

additional vibrational modes with electronic excitations in PFP
(either HOMO−LUMO transitions or excitons) can be safely
ruled out as the lowest energetic excitation in crystalline PFP
occurs at 1.6 eV.49 However, the opposite case that electronic
excitations are coupled to vibrational modes is rather common
and leads to an appearance of characteristic vibrational
progressions in the optical excitation spectra (as discussed
below).
Therefore, the most reasonable explanation for the

appearance of the additional modes is an excitation of
combination bands. In fact, coupled excitations of various
molecular vibrations or with phonon modes have been
suggested to explain additional features observed in IR or
electron energy loss (EEL) spectra of molecular films48b,50 or in
optical absorption spectra of aromatic molecular crystals.51 The
question of which combinations are dipole-active requires an
analysis involving group theory and evaluation of the direct
product of the contributing modes. A prominent class of such
simultaneously excited modes is the combination of IR-active
and totally symmetric modes (ag symmetry). In case such a
(usually weak) band is located close to a (strong) fundamental
mode with the same symmetry, mixing of the respective wave
functions may occur, leading to substantial intensity enhance-
ment of the former.
All additional modes (marked by # in Table 3) exhibit a

distinct mode polarization and can be reasonably described by
combining in each case an IR-active fundamental mode of the
same polarization with a totally symmetric mode, as listed in
Table 4. Interestingly, the displacement patterns of each mode
of the combination bands exhibit a notable correlation.
Although belonging to different symmetry classes (IR-active
vs symmetric), all mode pairs reveal a similar ring deformation

Figure 8. (a) Magnification of experimental (KBr pellet) and
computed IR spectra for a single PFP molecule (PBE-D2) and the
PFP molecular crystal (PBE-D2PBC) with mode assignments according
to Table 3. (b−d) Calculated displacement patterns and dynamical
dipole moments of both molecules in the unit cell for the IR active
mode 66α (b) and the IR-inactive mode 66β (c) as well as the modes
67α (d) and 67β (e), both of them dipole active but with orthogonal
polarizations.

Table 4. Suggested Band Combinations of Fundamental IR-
Active and Totally Symmetric Modes Derived from the
Crystal Calculations. All frequencies are given in cm−1.

νexp μẽxp νfundIR μf̃undIR νsym νIR+sym Δν

969 c 524.5a c 453.4 977.9 8.9
1169 L 869 L 276.1 1145.1 23.9
1241 L 542.3a L 701.0 1243.3 2.3
1419 c 919 c 496.4 1415.4 3.6
1425 b 979 b 453.4 1432.7 7.7
1432 c 974 c 453.4 1427.7 4.3
1440 L 1098 L 345.3 1443.4 3.4
1468 b 979 b 496.4 1475.4 7.4

aFrequency of fundamental mode is below the experimental energy
window and was taken from crystal calculation.
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pattern (cf. Figure S7, Supporting Information), which suggests
an effective coupling mechanism. According to the multiplicity
of modes in the crystalline lattice (factor-group splitting), also
the totally symmetric modes appear twice, whereas their
energetic splitting is typically less than 2 to 3 cm−1, thus
reflecting an absence of electrostatic (i.e., dipole) coupling, and
their multiplicity provides a larger vibrational density of states
that can couple to the fundamental IR mode. We note further
that for six of the eight observed combination bands the
frequencies of the fundamental IR mode and the symmetrically
mode exhibit an almost integer factor (better than 10%), hence
suggesting efficient dynamical coupling.
Our analysis provides detailed insight into the nature of

combination bands beyond pure energetic arguments and may
help to understand why the intensity of such combination
bands can become almost as large as the most intense IR-active
modes. We note that the present calculations provide the one-
phonon vibrational spectrum of the PFP crystal so that
multiphonon excitations that apparently occur in the experi-
ment are not taken into account.
Our analysis demonstrates, in particular, the importance of a

detailed polarization analysis when comparing the measured
and computed spectra. On the basis of a matching of the
various mode polarizations, we were able to deduce reliably a
scaling factor for the PBE functional (including D2-dispersion
correction) of 1.015 for these spectra. By contrast, attempts to
fit the calculated mode frequencies to the measured spectrum
without a precise polarization analysis, and the identification of
combination bands would lead to a different scaling factor and
an incomplete mode assignment. A scaling factor deduced from
one system only, of course, cannot be generalized, and it will be
interesting to see if future investigations back the current
results.
A precise description of molecular vibrations in crystalline

solids is of vital interest for a detailed understanding of charge
carrier transport mechanism in organic semiconductors. In the
case of hopping transport, the coupling of electronic excitations
to vibronic degrees of freedom either to phonons (Peierls
coupling) or molecular vibrations (Holstein coupling) is a
decisive characteristic.23c,d In view of the significant attention
on the new class of n-type organic semiconductors, which has
been generated by the recent synthesis of perfluorinated
acenes,26 the present vibrational analysis of PFP might be useful
to improve the previous description of such materials52 by
considering the complete vibrational spectrum derived from
van der Waals corrected DFT calculations. It shows, in
particular, that perfluorination of acenes not only affects their
electronic structure, yielding for example an inversion of their
quadrupolar moments and change of the polarity of the charge
carriers,53 but also affects the vibrational density of states
compared with that of the corresponding nonfluorinated acenes
(cf. Figure 2).

V. CONCLUSIONS
In this study, we have utilized the specific epitaxial growth
relation of PFP films on KCl(100) and NaF(100) substrates
(standing vs lying) that allows us to perform directional- and
azimuthal-resolved polarized IR measurements on single-
crystalline domains, which affords a unique experimental
determination of all IR-mode polarizations in the analyzed
energy range above 700 cm−1. Accompanied theoretical
analyses carried out in the framework of DFT using the PBE
functional including dispersion correction (PBE-D2) show that

calculations considering the crystalline environment are
required to fully explain and reproduce quantitatively the
characteristic mode coupling of the individual molecules within
the unit cell. The analysis elucidates, in particular, the observed
cancellation of one L-polarized Davydov component as well as
the splitting of M-polarized IR-modes into b- and c-polarized
modes. The existence of all Davydov components in the IR-
spectrum of corresponding KBr-pellet spectra demonstrates the
polycrystalline nature of such powders, which already carry the
complete crystalline signature and cannot be described
adequately by a single-molecule calculation. Moreover, addi-
tional modes not covered by the calculations have been
identified and attributed to combination bands consisting of IR-
active fundamental modes coupling to totally symmetric modes.
Surprisingly, these bands are as intense as the most intense IR-
modes and thus emphasize the importance of a complete
assignment of all vibrational modes when analyzing coupling
phenomena in crystalline organic semiconductors or employing
vibrational spectroscopy to characterize multinary molecular
crystals consisting of different molecular species.
The presently achieved polarization analysis of all measured

IR-active modes may serve as a comprehensive benchmark case
to test computational approaches in the future. Moreover, it is
an important prerequisite to study also the influence of
intermolecular coupling on the vibrational properties of organic
heterostructures such as PEN/PFP.
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8500−8504. (c) Bucǩo, T.; Hafner, J.; Lebegue, S.; Angyań, J. G. J.
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(38) (a) Blöchl, P. E. Phys. Rev. B 1994, 50, 17953−17979.
(b) Kresse, G.; Joubert, D. Phys. Rev. B 1999, 59, 1758−1775.
(39) Monkhorst, H. J.; Pack, J. D. Phys. Rev. B 1976, 13, 5188−5192.
(40) (a) Giannozzi, P.; Baroni, S. J. Chem. Phys. 1994, 100, 8537−
8539. (b) Baroni, S.; de Gironcoli, S.; Dal Corso, A.; Giannozzi, P. Rev.
Mod. Phys. 2001, 73, 515−562.
(41) Gajdos,̌ M.; Hummer, K.; Kresse, G.; Furthmüller, J.; Bechstedt,
F. Phys. Rev. B 2006, 73, 045112.
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Figure S1 shows the molecular structure of PFP optimized with periodic and non-periodic 
approaches in comparison to the experimental structure. It becomes obvious that the 
experimental structure is well reproduced. This is confirmed by the RMS values for the C-C and 
C-F bonds shown in Table S1. Values for a triple-zeta basis set (TZVPP) are essentially 
converged and all methods applied give similar deviations from experiment. The errors in the 
periodic calculation drop when the crystal environment is taken into account in comparison to the 
calculation of the free molecule in a periodic box. All together, the chosen methodology provides 
accurate structures of the molecule and crystal of PFP, enabling the calculation of vibrational 
spectra. Note that due to mutual interaction in the crystal PFP molecules no longer adopt the D2h 
symmetry of the free molecule but exhibit a Ci symmetry. 
 
 

 
 
Fig. S1: Molecular structure of Perfluoropentacene with numbering scheme (symmetry-
equivalent atoms in the solid state are indicated with a prime) and bond lengths given in Å. The 
individual values refer to the computed free molecule (PBE-D2, D2h , top), the molecular crystal 
(PBE-D2PBC, Ci , center), and experimental reference data1 (X-ray, Ci , bottom).  
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Table S1. Deviation from experimental structure1 (root mean square in Å) of computed PFP 
molecule with different methods and basis sets.  
 

Method  PBE  PBE-D2 B3LYP MP2 PBE-D2PBC 
Basis set SVP TZVPP QZVPP TZVPP TZVPP TZVPP Molecule[a] Crystal 

All bonds 0.015 0.010 0.010 0.011 0.009 0.011 0.018 0.013 
C-C 0.021 0.013 0.013 0.014 0.010 0.011 0.024 0.016 
C-F 0.005 0.004 0.004 0.003 0.008 0.012 0.007 0.008 

 
       [a] free molecule in a periodic box. 

 
 

 
 
 
Fig. S2: Microscopic image with polarized light showing the positioning of the apertures relative 
to the a) PFP / KCl thin film, b) PFP / NaF thin film. Note that more than one exclusive domain is 
bordered, indicated by the different color appearance of the crystallites within the aperture, 
representing domains rotated by 90° with respect to each other.  
 
 
Figure S2 shows the positioning of the PFP samples on the apertures using polarized optical 
microscopy. As the optical absorption of rotated domains is different27, the color appearance was 
used as recognition feature of differently oriented domains. Because of the greater domain size 
of PFP on KCl(100), clear majorities of one domain were positioned on the aperture (cf. Fig S2a) 
of 1mm diameter. In the case of PFP thin films on NaF(100), the domain-size is significantly 
smaller. This complicates the exclusive illumination of one domain. Therefore a smaller aperture 
(500 µm) was used and the sample was positioned such, that one domain showed a significant 
excess over the other, but the influence of the residues of the other rotational domain 
consequently leads to the expected loss of contrast in the spectra (Fig. S2b). 
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Fig. S3: Magnified region of the IR absorption spectra of isotropically distributed PFP crystallites 
(top spectrum: PFP/KBr), and of PFP-thin films where molecules adopt a recumbent orientation 
(central spectrum: PFP/KCl) or an upright orientation (bottom spectrum: PFP/NaF). These thin 
film spectra have been measured without an aperture and thus are in-plane domain averaged. 
 
  
 
As shown in Figure S3 the described procedure to allocate the modes’ spectral dependence was 
also applicable in spectral regions where many modes appear close to each other. The small 
variations in the mode energies of less than 5 cm-1 in the different samples are attributed to 
slight lattice relaxations due to various degrees of lattice match between the substrate and 
differently oriented epitaxial PFP-films, respectively the free crystallites in the KBr matrix. 
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Fig. S4:  
 
Difference spectra of PFP-films with signals from orthogonally oriented minority domains 
subtracted, showing hypothetic IR-spectra for L-, b- and c-polarization, which are compared to 
the molecular crystal calculation.  
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Figure S5. Comparison of PBE-D2, PBE, BP86, B3LYP and MP2 vibrational spectra for the free 
molecule in comparison to experiment (KBr pellet). All calculated spectra have been scaled by a 
factor of 1.015 which provides the best agreement of the PBE-D2 calculations with the 
experimental pellet spectrum and use a def2-TZVPP basis set. The different spectra clearly 
show that different scaling factors have to be used for the various functionals.  
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Mode 66 
867.3 cm-1 (b3u) 

Mode 67 
933.4 cm-1 (b2u) 

Mode 69 
980.9 cm-1 (b2u) 

Mode 72 
1099.8 cm-1 (b3u) 

Mode 74 
1144.4 cm-1 (b2u) 

Mode 76 
1209.4 cm-1 (b3u) 

Mode 77 
1215.6 cm-1 (b3u) 

Mode 78 
1231.0 cm-1 (b2u) 

Mode 81 
1281.8 cm-1 (b3u) 

Mode 83 
1347.5 cm-1 (b2u) 

Mode 85 
1365.2 cm-1 (b3u) 

Mode 88 
1398.9 cm-1 (b3u) 

 
Mode 90 

1433.9 cm-1 (b2u) 
Mode 91 

1447.7 cm-1 (b2u) 
Mode 92 

1474.8 cm-1 (b3u)

Mode 94 
1498.0 cm-1 (b3u) 

Mode 98 
1577.7 cm-1 (b3u) 

Mode 101 
1656.5 cm-1 (b2u)

Figure S6. Displacement vectors (blue), transition dipole moments (TDM, orange) and 
symmetries for most intense modes of the PFP molecule (PBE-D2). Ground-state geometry is 
displaced along normal modes. Mode numbering is according to Table 3. Note, that the actual 
displacement vectors are enlarged. 
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Figure S7. Displacement vectors (blue) of the proposed combination bands 
 
 
 
Table S2. All vibrational modes of the PFP single molecule (PBE-D2). All modes with L, M and 
N-polarisation are IR-active, modes with ag, b1g, b2g or b3g symmetry are raman-active (grey-
shaded). Modes with au symmetry are neither IR- nor Raman-active. Intensities were calculated 
only for IR-active modes. Scaling factor = 1.015 (see main text). Note, that the actual 
displacement vectors are enlarged. 
 
 

Nr. ν [cm-1] νscaled[cm-1] I symmetry 
     
1 9.8 9.9 0.000 N 

2 19.8 20.1 - au 

3 47.2 47.9 - b3g 

4 47.6 48.3 - b2g 

5 63.6 64.6 0.000 N 

6 65.4 66.4 - au 

7 73.5 74.6 0.000 M 

8 89.0 90.4 - b2g 

9 89.2 90.5 0.000 N 
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10 92.5 93.8 - b3g 

11 149.3 151.6 - b3g 

12 149.5 151.7 - au 

13 151.0 153.3 - b1g 

14 164.4 166.9 0.003 N 

15 166.5 169.0 - b2g 

16 167.0 169.5 - ag 

17 189.4 192.3 0.001 N 

18 231.6 235.0 0.001 M 

19 256.4 260.2 - b2g 

20 267.8 271.8 0.000 L 

21 271.0 275.1 - b1g 

22 280.7 284.9 - ag 

23 287.7 292.0 0.000 L 

24 289.3 293.7 - b1g 

25 298.2 302.7 0.004 M 

26 321.4 326.2 - b1g 

27 329.6 334.5 0.003 L 

28 333.7 338.7 - ag 

29 337.3 342.4 0.002 M 

30 341.0 346.1 - ag 

31 348.4 353.6 0.001 N 

32 350.6 355.9 - au 

33 351.2 356.5 - b3g 

34 370.0 375.5 - b3g 

35 376.8 382.4 0.000 L 

36 395.3 401.2 - b2g 

37 396.9 402.8 - au 

38 397.4 403.4 - b1g 

39 431.4 437.9 - ag 

40 433.2 439.7 0.005 L 

41 436.8 443.3 0.000 L 

42 441.1 447.7 - ag 

43 452.5 459.3 0.001 M 

44 465.5 472.5 - b3g 

45 478.5 485.6 - ag 

46 499.2 506.7 - b1g 

47 515.3 523.0 0.006 M 

48 528.1 536.1 0.095 L 

49 537.1 545.1 0.000 N 

50 588.1 596.9 - b2g 
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51 594.1 603.0 - b1g 

52 594.8 603.7 - au 

53 616.3 625.6 - b3g 

54 630.8 640.3 0.000 N 

55 639.6 649.2 - au 

56 656.3 666.1 - b3g 

57 666.1 676.1 - b2g 

58 687.8 698.1 - ag 

59 694.8 705.2 0.002 N 

60 700.3 710.8 - au 

61 709.7 720.3 0.000 M 

62 747.1 758.3 - b3g 

63 785.6 797.4 - b1g 

64 803.6 815.6 - b1g 

65 807.2 819.3 0.001 M 

66 854.5 867.3 0.188 L 

67 919.6 933.4 0.305 M 

68 923.8 937.6 - b1g 

69 966.4 980.9 0.182 M 

70 989.7 1004.5 - ag 

71 1041.7 1057.3 - b1g 

72 1083.6 1099.8 0.253 L 

73 1089.0 1105.3 - ag 

74 1127.5 1144.4 0.077 M 

75 1187.6 1205.4 - ag 

76 1191.6 1209.4 0.008 L 

77 1197.7 1215.6 0.011 L 

78 1212.8 1231.0 0.029 M 

79 1213.6 1231.8 - b1g 

80 1222.4 1240.7 - ag 

81 1262.9 1281.8 0.220 L 

82 1303.6 1323.1 - b1g 

83 1327.5 1347.5 0.023 M 

84 1340.9 1361.1 - ag 

85 1345.0 1365.2 0.225 L 

86 1371.3 1391.9 - b1g 

87 1372.8 1393.3 - ag 

88 1378.2 1398.9 0.047 L 

89 1401.5 1422.6 - ag 

90 1412.7 1433.9 0.844 M 

91 1426.4 1447.7 0.598 M 
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92 1453.0 1474.8 1.000 L 

93 1459.3 1481.2 - ag 

94 1475.9 1498.0 0.176 L 

95 1508.7 1531.4 - ag 

96 1528.9 1551.9 - b1g 

97 1534.6 1557.6 - b1g 

98 1554.4 1577.7 0.689 L 

99 1563.1 1586.6 - ag 

100 1572.4 1596.0 0.000 M 

101 1632.0 1656.5 0.290 M 

102 1633.9 1658.4 - b1g 
 
 
 
 
The visualization of the vibration modes of single PFP molecules and the PFP crystals are 
available and can be visualized using Chemcraft (Shareware) – as done in the Manuscript - or 
Molden (free to use for academic purpose). Additionally, the modes are available as animated 
gifs. 
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Correction to “Vibrational Davydov Splittings and Collective Mode
Polarizations in Oriented Organic Semiconductor Crystals”
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In our paper, the GGA functional for the calculations of the
free molecule was BP86-D2 instead of PBE-D2 as stated in the
method part. Calculations with PBE-D2 show that the PFP-bond
lengths shorten by approximately 0.001 Å and the vibrational
frequencies increase uniformly by 3−10 cm−1. The spectra are
thus virtually identical (see Figure 1) and the conclusions are not
affected by the small numerical differences.
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Figure 1. Comparison of simulated spectra for the PFP molecule using
BP86-D2 (black) and PBE-D2 (red).
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5.6.1 Abstract

The thermal and chemical stability of perfluoropentacene (PFP) thin films grown by
organic molecular beam deposition onto the (111)-oriented surfaces of the coinage metals
copper, silver, and gold have been studied by means of temperature dependent X-ray
photoelectron spectroscopy (XPS) and Near-Edge X-ray absorption fine structure spec-
troscopy (NEXAFS). Under vacuum conditions, PFP multilayers are completely desorbed
at 425 K while molecules in contact with the Au(111) surface remain intact up to 500
K. By contrast, PFP that is in contact with Cu(111) is distinctly distorted and becomes
partially defluorinated already upon thermal desorption of multilayers. A pronounced
defluorination of PFP also takes place on Ag(111) at temperatures around 440 K, while
further heating causes a complete cracking and defluorination. Additional measurements
carried out on a regularly stepped silver surface demonstrate that steps are active sites
that promote defluorination already at lower temperatures. van der Waals corrected
density-functional (DFT-D) calculations show that PFP, though being weakly adsorbed on
all three metal surfaces, exhibits a reduced energy barrier for defluorination, in particular
on copper and silver, thus reflecting their catalytic activity. The calculations reveal further
that defluorinated molecules are covalently bound to the substrate, leading to a notable
bending of the molecular backbone. The present study highlights the importance of also
considering chemical reactions when theoretically analyzing molecule/metal interactions
and indicates that fluorinated aromatic molecules, though offering interesting electronic
properties, actually exhibit a limited stability in contact with some electrode surfaces like
silver due to catalytic effects.
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5.6.2 Methods

Density Functional Theory, Near-Edge X-Ray Absorption Finestructure Spectroscopy,
Organic Molecular Beam Deposition, X-Ray Photoelectron Spectroscopy

5.6.3 Own Contribution

I have helped Christian Schmidt to prepare the samples and conduct the NEXAFS and
XPS measurements, of which some have been planned and performed exclusively by myself.
Furthermore, I have helped to interpret the data and to prepare them for publication as
well as to improve the manuscript. Stefan Wippermann and Wolf Gero Schmidt have
performed the DFT calculations, Gregor Witte and Wolf Gero Schmidt have also helped
to improve the manuscript.



Substrate Induced Thermal Decomposition of Perfluoro-Pentacene
Thin Films on the Coinage Metals
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ABSTRACT: The thermal and chemical stability of perfluoropenta-
cene (PFP) thin films grown by organic molecular beam deposition
onto the (111)-oriented surfaces of the coinage metals copper, silver,
and gold have been studied by means of temperature dependent X-
ray photoelectron spectroscopy (XPS) and Near-Edge X-ray
absorption fine structure spectroscopy (NEXAFS). Under vacuum
conditions, PFP multilayers are completely desorbed at 425 K while
molecules in contact with the Au(111) surface remain intact up to
500 K. By contrast, PFP that is in contact with Cu(111) is distinctly
distorted and becomes partially defluorinated already upon thermal
desorption of multilayers. A pronounced defluorination of PFP also
takes place on Ag(111) at temperatures around 440 K, while further heating causes a complete cracking and defluorination.
Additional measurements carried out on a regularly stepped silver surface demonstrate that steps are active sites that promote
defluorination already at lower temperatures. van der Waals corrected density-functional (DFT-D) calculations show that PFP,
though being weakly adsorbed on all three metal surfaces, exhibits a reduced energy barrier for defluorination, in particular on
copper and silver, thus reflecting their catalytic activity. The calculations reveal further that defluorinated molecules are covalently
bound to the substrate, leading to a notable bending of the molecular backbone. The present study highlights the importance of
also considering chemical reactions when theoretically analyzing molecule/metal interactions and indicates that fluorinated
aromatic molecules, though offering interesting electronic properties, actually exhibit a limited stability in contact with some
electrode surfaces like silver due to catalytic effects.

■ INTRODUCTION

The promising potential of organic electronic applications has
triggered considerable research activities aiming at the synthesis
of new organic semiconductor (OSC) materials with improved
properties.1,2 In addition to enhanced charge carrier mobility,
also improved chemical stability is an important issue since
most OSCs exhibit a low threshold for oxidation, leading to a
notable degradation under ambient conditions.3−5 One strategy
to avoid such parasitic reactions is based on fluorination of the
organic compound, which not only suppresses oxidation but
also makes OSC films more hydrophobic, such that additional
capping might be redundant.6 Recently, this approach was also
applied to larger acenes such as pentacene (PEN) by the
synthesis of perfluoro-pentacene7 (PFP, Figure 1a). It was
further shown that perfluorination also affects the charge carrier
polarity, rendering PFP an interesting n-type OSC.
Another aspect of key importance for the successful

realization of organic electronic devices is the interaction
between OSCs and metals, since it determines the resulting
injection barrier of charge carriers at electrodes. Regarding the
interaction between PFP and the (111) surfaces of the coinage
metals Cu, Ag, and Au, the work function change and
adsorption geometry have been studied by means of UPS
and XSW.8−10 In all cases, the vertical adsorption distance

between the aromatic plane and the metal surface was found to
be about 0.5 Å larger than for the nonfluorinated PEN, while
the work function reduction is distinctly smaller than for PEN.
These findings have also been obtained in a recent density
functional theory study and were attributed to a pronounced
Pauli repulsion due to the high electron density of the fluorine
atoms.11 Because of the supposed stability of PFP, only little
attention has yet been paid to the thermal and chemical
stability of PFP layers adsorbed on metals. Interestingly though,
evidence for partial decomposition of PFP on Cu(111) above
room temperature was reported,9,12 while PEN monolayers
adsorbed on the more reactive Cu(110) surface can be heated
up to 600 K without any noticeable degradation.13 Similarly
surprising was our recent finding that thermal induced
decomposition of PFP on Ag(111) occurs already below 450
K.14 This suggests that on Ag(111) PFP is actually less stable
than the nonfluorinated analogue which was found to desorb
intactly at 550 K from Ag(111).15 Even more surprising is the
behavior found for smaller fluoroacenes such as perfluoro-
benzene. In that case, a decomposition of molecular adlayers is
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reported upon heating on polycrystalline silver substrates,16

while an intact desorption is found for Cu(111).17 This is
counterintuitive, since copper is the more reactive metal, which
demonstrates a lack of understanding of the chemical
interaction of fluoroacenes and metal surfaces.

As these findings challenge the general concept of fluorinated
OSCs, we believe a systematical study to be very important.
Therefore, we have studied the thermal stability of PFP
adsorbed on the coinage metal surfaces Cu(111), Ag(111), and
Au(111) by means of temperature dependent high resolution
synchrotron based X-ray photoelectron spectroscopy (XPS)
and X-ray absorption spectroscopy (NEXAFS). Particular
attention was paid to possible radiation damages as well as to
the influence of defects like surface steps. The latter was
achieved by additionally examining the stability of PFP films on
a vicinal silver Ag(221) surface. To understand the underlying
mechanism of the observed decomposition, we performed
total-energy calculations based on density-functional theory
(DFT). By calculating a potential energy surface for chemical
reactions, possible reaction pathways for the decomposition as
well as belonging energy barriers were derived.

■ METHODOLOGY
Experimental Section. All measurements were carried out

at the HE-SGM dipole beamline at the synchrotron storage ring
facility BESSY II in Berlin (Germany). The X-ray photo-
emission spectra were recorded at an incident angle of 45° and
at normal emission using a hemispherical electron energy
analyzer (Scienta R3000) using typical pass energies of 100 eV
and photon energies between 500 and 880 eV depending on
the substrate and the studied region (C1s or F1s) chosen such
that parasitic contributions by, e.g., auger lines were omitted.
To provide a precise energy calibration, the XPS binding
energies have been referenced to characteristic substrate peaks
of the various samples (Au 4f7/2 84.0 eV, Ag 3d5/2 368.1 eV, Cu
3p3/2 75.0 eV)18 which have been measured simultaneously.
The spectra have been corrected by subtracting a Shirley
background19 and dividing by the intensity of the correspond-
ing substrate signals to compensate variations of the photon
flux. After that, spectra have been normalized to the maximum
intensity of each series to enable comparison. Carbon edge
NEXAFS spectra were recorded by measuring the secondary
electron yield as a function of photon energy of the linearly
polarized (polarization factor 91%) incident synchrotron light.
The exit slit of the grating monochromator was chosen such
that an energy resolution of about 300 meV was achieved. To
enhance surface sensitivity of NEXAFS by essentially detecting
auger electrons from surface-near layers and reducing
secondary electrons emitted from deeper layers and the surface,
a retarding field of −150 eV was applied to the entrance grid of
the channel plate detector (partial electron yield at f ixed detector
position).20 To calibrate the absolute energy scale of the
NEXAFS spectra, a simultaneously recorded signal of the
photocurrent from a carbon coated gold grid in the incident
beam was used which exhibits a sharp resonance at 284.9 eV.
All NEXAFS raw data have been normalized with respect to the
incident photon flux, and the transmission characteristics of the
clean substrates were considered. Different types of metal
substrates have been examined in the present experiments.
While a Cu(111) and a Ag(221) single crystal were used, the
Au(111) and Ag(111) samples consist of 150 nm metal films
epitaxially grown on freshly cleaved mica substrates under UHV
conditions. All samples were prepared in situ by repeated
sputtering and annealing procedures, providing sharp LEED
patterns and carbon free XP spectra. All perfluoropentacene
(PFP, Kanto Denka Kogoyo, purity >99%) films were
deposited onto the various substrates at room temperature
from a Knudsen cell at a typical growth rate of 10 Å/min, which

Figure 1. Summary of XPS data obtained for PFP films. Panel b
displays the C1s region of a 70 nm PFP film on SiO2 exhibiting two
carbon species, C(C) and C(F), according to their chemical
coordination within the molecule as depicted in part a and an
additional shake up signal (black arrow, see text). Panel c displays the
thermal evolution of XP spectra of PFP monolayer films on the three
metal surfaces (Au, orange; Ag, gray; Cu, red) together with (d) the
ratio of the carbon species C(F) and C(C). F1s spectra shown in part
e revealed only one species on gold and silver, F(C), while on copper
also the second species F(M) was found. The thermal evolution of the
F(C) intensities is shown in part f.

The Journal of Physical Chemistry C Article

dx.doi.org/10.1021/jp307316r | J. Phys. Chem. C 2012, 116, 24098−2410624099



was monitored by quartz microbalance. To suppress disturbing
signatures from multilayer films and to prepare a nominal
monolayer, at first 10 nm of PFP were deposited and
subsequently excess multilayers were thermally desorbed by
carefully heating the samples to about 410−430 K. Note that
this procedure results in a nominal monolayer, which does not
necessarily equal a densely packed layer.21

■ COMPUTATIONAL

The total-energy calculations are performed using the Vienna
Ab Initio Simulation Package (VASP)22 and employing the
PW91 functional23 for the generalized gradient approximation
to the electron exchange and correlation (XC) energy. The
electron−ion interaction is described by the projector-
augmented wave method,24 which allows for a relatively
moderate energy cutoff of 400 eV for the plane-wave basis.
The adsystem was modeled by periodically repeated supercells,
containing six atomic coinage metal layers arranged in a (7 × 4)
translational symmetry, the adsorbed molecules, and a vacuum
region of 15 Å. The calculations were performed using the
equilibrium lattice constants that we determined to be 3.63,
4.17, and 4.19 Å for Cu, Ag, and Au, respectively. Brillouin zone
integrations are restricted to the Γ point. The smearing of the
electronic states is performed with the Methfessel−Paxton
scheme of the first order with a width of 0.2 eV.
The accurate modeling of loosely bonded adsorbates is a

major challenge for density-functional theory (DFT), because
the currently used XC energy functionals do not properly
describe the long-range vdW interactions.25−30 In order to
account approximately for dispersion interactions, we use a
semiempirical, so-called DFT-D scheme31,32 based on the
London dispersion formula. Reuter and co-workers28 compared
adsorption energies calculated within various DFT-D schemes
for the adsorption of benzene on coinage metal (111) surfaces
with experimental data and concluded that the approach by
Ortmann et al.31,32the one which is used in the following
provides results in the “right ballpark and could even be
semiquantitative”. Similar conclusions can be drawn from
benchmark calculations by Blügel’s group27 for a variety of
small, π-conjugated molecules adsorbed on Ag(110). In these
calculations, the approximate treatment of dispersion inter-
actions with DFT-D was compared with a more realistic vdW
density-functional (vdW-DF) approach.33 It turned out that
depending on the moleculethe calculated total adsorption
energies differ by 50−200 meV. Relative energy differences
calculated within either scheme agree within 30−120 meV. It
should be borne in mind, however, that vdW-DF is an
approximation as well; see, e.g., the results in refs 30 and 34.
Altogether, one has to state that the accurate description of
dispersion forces for complex systems is not satisfactorily solved
yet.29 Still, since we are primarily interested in energy
differences calculated for identical molecules with similar
adsorption geometries on different coinage metal (111)
surfaces, the present DFT-D scheme is expected to be
sufficiently accurate to allow for valid conclusions.

■ RESULTS

XPS. The thermal stability of PFP monolayer films adsorbed
on (111) surfaces of the three coinage metals gold, silver, and
copper was at first characterized by means of temperature
dependent XPS measurements. This offers a quantitative
analysis of the film composition and thus enables monitoring

of desorption and chemical alteration processes. To begin with,
XP spectra were recorded for a 70 nm PFP film deposited onto
SiO2 to provide bulk-like reference spectra of PFP without any
chemical substrate interaction, which are virtually identical to
those obtained for multilayer films on gold. As shown in Figure
1b, the C1s signal is split into two peaks according to the
different chemical environment of carbon atoms within the
molecules.9,35 The signal at a binding energy of 286.0 eV
corresponds to the inner-ring carbon, only bound to
neighboring carbon atoms, C(C), while the second, more
intense peak at 287.5 eV is due to carbon atoms bound to
fluorine, C(F). We note that the two subcomponents exhibit a
different peak width (C(C), 0.71 eV; C(F), 0.86 eV), which can
be related to slight variations of the chemical shift of C(F)
atoms according to different fluorine coordination of their next
nearest carbon atoms. As depicted in Figure 1a, this leads to the
presence of four different carbon species, [C(C), C(F)
surrounded by two C(C), C(F) surrounded by C(C) and
C(F), and C(F) surrounded by two C(F)] with a multiplicity
ratio of (8:6:4:4). Since the different C(F) species could not be
separated in the present data, they were merged and treated as
one effective C(F) peak for the analysis of the stoichiometry.
The quantitative analysis of the C(C) and C(F) peak areas
yields a ratio of 4:7 as expected for PFP. In addition, a rather
weak but distinct shoulder appears in the C1s region at a
binding energy of 289.2 eV (indicated by the black arrow in
Figure 1b), which is attributed to a shakeup satellite. Since it
remains unclear whether this signal originates from the C(F) or
C(C) peak, the corresponding energy loss amounts to 1.1 or
2.7 eV, respectively. Note that these energies differ from the
lowest excitation at 1.75 eV found in optical absorption spectra
of PFP films.36,37 A similar situation has been reported by
Rocco et al.38 for nonfluorinated acenes where the energy loss
of shakeup satellites is smaller than the optical HOMO−
LUMO band gaps, which might be attributed to the different
band gap of the final ionic state formed in the photoemission
process.
To examine the thermal stability of PFP monolayer films on

the different coinage metals, the samples were in each case
heated with a rate of approximately 1 K s−1 to the denoted
temperature before the belonging XP spectra were acquired
during cooldown. Figure 1c compares the thermal evolution of
the C1s signal. The C1s signals of PFP monolayers on Ag(111)
and Au(111) resemble the bulk data, except from a core-hole
screening shift due to the underlying metal of about −0.7
eV.14,35 By contrast, the PFP monolayer on Cu(111) prepared
by briefly heating the sample to 435 K exhibits a new,
dominating carbon signal around 284 eV (indicated by a
dashed gray line). The binding energy of this new peak, which
was also observed in a recent study by Glowatzki et al. for
heated PFP films adsorbed on Cu(111),12 indicates the
presence of a nonfluorinated carbon species, while the broad
peak width hampers a clear distinction between aliphatic or
aromatic species which are energetically rather similar. A similar
species appears on the Ag(111) surface after heating the PFP
adlayer to 440 K where it becomes dominating at 460 K and
above. We note that hydrocarbonaceous contributions were
observed earlier for PFP films on metals and had been
attributed to contaminations or decomposition reactions at
surface defects.9,35 For a quantitative analysis of the temper-
ature dependent XPS measurements, the background-sub-
tracted and normalized areas of the C(C) and C(F) peaks are
determined. Figure 1d compares the thermal evolution of the
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intensity ratios C(F)/C(C) of nominal PFP monolayers on the
various metal substrates. The black diamond at 300 K
represents the ratio found for the undisturbed bulk reference
film (cf. Figure 1b). At temperatures between 400 and 460 K,
the C(F)/C(C) signal ratio obtained for PFP films on silver
and gold well corresponds to the stoichiometry of PFP within
the experimental error. By contrast, the PFP molecules on
copper exhibit a distinct reduction of the fluorinated carbon
species and the IC(F)/IC(C) ratio decays continuously with
increasing temperature. Above 460 K, also the progression of
the IC(F)/IC(C) ratio on the noble metals differs. As indicated in
our previous study,14 where a laboratory X-ray source was used,
massive decomposition of PFP molecules on Ag(111) occurs
already slightly above the multilayer desorption temperature.
(This refers to the temperature at which multilayers have
desorbed during our heating protocol. We note that the process
is thermally activated and occurs in a nonequilibrium situation
under UHV conditions so that a real desorption temperature is
not precisely defined.) By contrast, the IC(F)/IC(C) ratio does
not significantly change for a PFP monolayer on gold upon
heating, though the total carbon intensity decreases which
suggests a partial desorption of intact molecules. Only after
annealing at 700 K, a small carbonaceous signal of non-
fluorinated species arises, which might be attributed to
molecular decomposition occurring at defects or to contami-
nations diffusing from the sample holder. Note that, due to the
low intensity caused by thermal desorption, the ratio given in
Figure 1d for the last data point is poorly defined. The
temperature dependent XPS measurements thus indicate a
decomposition of PFP on Cu and Ag, while intact desorption
dominates on Au.
In addition, F1s spectra were recorded after every heating

step. The quantitative analysis of the peak intensity yields a
continuous decrease with increasing temperature for all metals,
as shown in Figure 1f. Typical F1s spectra of heated PFP
monolayers (450 K) on Au(111) and Ag(111) are shown in
Figure 1e, which exhibit only one fluorine species, F(C), as
expected from the molecular structure. By contrast, on
Cu(111), an additional fluorine species arises upon heating
(best visible in the 600 K spectrum shown in Figure 1e), which
we assign to copperfluoride, F(M).18

NEXAFS. In a next step, temperature dependent carbon
edge X-ray absorption measurements were carried out, which
allow for determination of the position of unoccupied
molecular electronic levels. This information enables a chemical
distinction between aromatic and aliphatic units and can be
used to complement the XPS data in order to understand the
different thermal stability of PFP on the various metals.
Moreover, the dichroism of the NEXAFS signatures yields
additional information about the orientational ordering of the
adsorbed molecules.20 The top panel of Figure 2 shows a
typical normalized C1s NEXAFS spectrum of a PFP multilayer
film on SiO2 that was recorded at an incident angle of θ = 55°
of the field vector E⃗ relative to the surface normal. On the basis
of our previous analysis,21 the first four peaks (285.3, 286.2,
286.8, and 288.3 eV) can be assigned to excitations of C1s
electrons into unoccupied π* orbitals, while the other
resonances appear at energies larger than the continuum step
(indicated in the NEXAFS spectrum at 450 K on Au(111) in
Figure 2b) and therefore can be attributed to σ* resonances or
Rydberg states. The sharp π* resonances also appear for PFP
monolayers on Au(111) and Ag(111) in the spectra taken at
grazing incidence (θ = 30°, blue curves). This indicates the

absence of any distinct modification of unoccupied molecular
orbitals of PFP due to chemical interaction with the underlying
noble metal and suggests an almost van der Waals (vdW) type
interaction. For PFP, only a small relaxational shift of about 0.2
eV occurs between NEXAFS data of multi- and monolayer

Figure 2. Series of carbon edge NEXAFS spectra of PFP films: (a) full
spectrum of a 15 nm thick multilayer on SiO2 that is used as a
reference, together with (b) enlarged spectra of the π*-region for PFP
monolayers on the three metal surfaces recorded after applying
different heating steps. For comparison, the relaxation-shift corrected
π*-region of the reference spectrum (a) is also shown in the bottom
row. The experimental geometry illustrating the color code and the
transition dipole moment of vector type π* orbitals are depicted in the
upper right. Panel c shows the thermal evolution of the height of the
carbon edge jump relative to that after the first heating step (i.e.,
nominal monolayer).
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films, due to the underlying metal substrate.39 NEXAFS spectra
of a PFP monolayer on the noble metals taken at normal
incidence (θ = 90°, red curves) reveal no π* resonances, hence
showing a pronounced dichroism which reflects a flat lying
adsorption geometry (for a quantitative analysis, see Marks et
al.21). Figure 2 shows further a series of magnified C1s
NEXAFS spectra of the π* region of PFP monolayer films
adsorbed on the three metals as a function of the annealing
temperature. For each heating step, the NEXAFS spectra were
recorded subsequent to the respective XPS measurements. To
also provide information about the molecular orientation, the
NEXAFS data were taken at normal and grazing incidence.
Analyzing the peak area of the individual resonances provides a
comparison of the remaining contribution of a species.
Moreover, the height of the carbon edge jump (i.e., difference
of intensities at 330 and 270 eV) allows for a quantitative
monitoring of the overall carbon coverage (see Figure 2c),
which corroborates the trend obtained in the temperature
dependent XPS measurements (cf. Figure 1d,f).
In contrast to the noble metal substrates, the PFP monolayer

on Cu(111) exhibits a distinctly different NEXAFS signature
already after thermal desorption of the excessive multilayer (i.e.,
the first heating step). Instead of four sharp resonances, only
one broad resonance around 286 eV remained visible, while the
others are smeared out, yielding a broad background signal. In
addition, a new peak appears in the NEXAFS spectra at 287.3
eV (indicated by a black arrow), as well as noticeable intensity
at energies lower than the first peak of the PFP bulk spectra
(hatched area). Since the latter signals appear only for π*
resonances of nonfluorinated carbon species, they indicate the
formation of fluorine-free fragments with C−C double bonds
which might coke upon further heating. Moreover, the distinct
NEXAFS signatures were not only observed at grazing
incidence (blue curves) but also seen at normal incidence
(red curves), which reveals a changed dichroism. Though this
might indicate a change in the molecular orientation, it should
also be taken into consideration that the molecular orbitals can
be distorted due to chemical interaction with the substrate,
such that the transition dipole moment, T⃗, of the π* transitions
is no longer perpendicular to the aromatic ring plane.40,41

Therefore, a quantitative analysis of the tilt angle can be
misleading42 and was omitted. A similar situation occurs for
pentacene monolayers chemisorbed on Cu(110) where a
noticeable dichroism was found in the NEXAFS data13

although the adsorbed molecules are not tilted.43 Using
standing X-ray waves, it has been demonstrated that PFP
molecules adsorbed on Cu(111) also exhibit a distinct
geometrical distortion leading to an upright bending of the
fluorine atoms.9

Upon further annealing, quite different changes appear in the
NEXAFS spectra. On Au(111), the distinct signature of the
four sharp π* resonances as well as the pronounced dichroism
remain clearly visible up to temperatures of more than 500 K,
while the intensity of these resonances and hence the coverage
are reduced upon heating above 450 K. This reflects a thermal
desorption of entire molecules without noticeable decom-
position, which is in agreement with the findings of the
temperature dependent XPS measurements (cf. Figure 1). Only
for temperatures above 600 K, an additional, broad peak with a
reduced dichroism appears around 286 eV, which might be
attributed to a thermally induced fragmentation and coking. In
view of the rather high temperature of this process, where
virtually all molecules are desorbed from the Au(111) surface,

the remaining signal is attributed to a minority of molecules
that were more firmly bound to defects. In contrast to gold, the
thermal evolution of PFP films on Ag(111) is quite different. In
the case of the silver sample already after heating to 440 K, a
noticeable broadening and intensity reduction of the π*
resonances can be recognized. Briefly heating the film only
20 K higher causes a complete disappearance of the fine
structure and the appearance of a new peak at 287.3 eV
(indicated by the arrow), as found already in the first annealing
step on Cu(111). Further heating causes an additional peak
broadening, while the NEXAFS spectra still reveal a distinct
signal, even when heating to 650 K. The overall carbon
coverage decreases, but in contrast to the case of Au(111),
firmly bound species are found up to high temperatures for
Ag(111). The thermal evolution of NEXAFS spectra of PFP on
Cu(111) very much resembles the situation found for Ag(111)
at elevated temperatures. Already after the first heating step, the
distinct fine structure has disappeared and only a broad π*
resonance around 286 eV is visible besides the new peak at
287.3 eV. Both features remain visible upon heating up to 500
K and perish in a broad but intense NEXAFS signal, which
extends also to lower energies than the first resonance of the
PFP bulk spectrum (hatched area) after heating to 600 K.
Interestingly, the new spectral feature at 287.3 eV always
appears when the nonfluorinated C1s signal (at 284 eV) occurs
and simultaneously the C(C) peak (at 286 eV) is still visible in
XPS. As shown in Figure 2c, the total carbon coverage remains
nearly constant on Cu(111), thus indicating that nearly all
molecules are firmly bound after defluorination occurring
already during heating at 435 K and do not thermally desorb
upon further heating.

Defects. The presented XPS and NEXAFS data clearly
demonstrate that the stability of PFP monolayer films depends
significantly on the supporting metal substrate. As surface
defects such as steps are known to strongly influence catalytic
reactions,44 complementary measurements were carried out for
a vicinal silver surface. This material was chosen, as the
reactivity of silver was found to be in between that of gold and
copper. In particular, a Ag(221) surface was chosen (cf. Figure
3d), as it provides a high density of well-defined monatomic
steps. Their lateral separation of 8.7 Å is slightly larger than the
molecular width and thus may allow for an aligned adsorption
of PFP on the (111) terraces like it was found for PEN on
Cu(221).45 The corresponding NEXAFS spectra of a PFP
monolayer that had been prepared by heating a multilayer film
to 410 K are displayed in Figure 3a. Like in the case of copper,
the π* resonances found in the bulk spectrum are strongly
attenuated and broadened, while a distinct new resonance at
about 287.3 eV appears, which developed on the Ag(111)
surface only after heating to 460 K. Moreover, in contrast to the
PFP film on Ag(111), the dichroism is clearly reduced and the
spectral features were also observed at normal incidence (red
curve). To discriminate whether this intensity is primarily due
to thermal decomposition or due to the different surface
geometry of the silver surfaces,46 additional measurements were
carried out for a submonolayer film of PFP by depositing a
nominal thickness of less than 2 Å without heating prior to data
acquisition. As shown in Figure 3b, the NEXAFS spectra of this
preparation again yield four distinct sharp π* resonances with a
pronounced dichroism like on the inert Au(111) surface. This
clearly demonstrates that the distinct spectral changes found for
the PFP monolayer film on Ag(221) prepared by thermal
desorption of excessive multilayers are caused by a thermally
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activated decomposition which is largely promoted by step
edges.
Beam Damages. Though the photon flux at the used

dipole beamline is moderate, possible radiation induced
damages always have to be considered when analyzing changes
in the NEXAFS signature of organic films.47−50 A striking
phenomenon which proves the presence of massive beam
damages can be observed when comparing the thermal stability
of PFP multilayers with and without former exposure to
synchrotron radiation. Figure 4a depicts a photograph of a 22
nm PFP film deposited on Au(111) which appears yellowish
due to diffuse scattered light from the rough multilayer film.14

After XPS and NEXAFS measurements of this film had been
carried out, the sample was heated to 420 K in order to prepare
a nominal monolayer by desorbing the excessive multilayer. As
shown in Figure 4b, the sample color is changed except at the
position which had been illuminated by the synchrotron light
(marked by the dashed black ellipse). XPS spectra that were
recorded at this thoroughly illuminated region after the
annealing treatment are virtually indistinguishable from
measurements taken at the very beginning. However, the
belonging peak intensities are distinctly larger than for a
monolayer film, hence proving the presence of remaining
multilayers. This finding indicates an enhanced thermal stability
of the irradiated PFP film and suggests the appearance of a
cross-linking process like it was found previously for aromatic
SAMs.51 On the basis of the XPS data, the stoichiometry of the
irradiated films seems to be practically unaffected, thus
rendering NEXAFS a much more sensitive tool, as it probes
the unoccupied frontier orbitals. In fact, accompanied NEXAFS
data that were recorded at this position after the annealing
treatment again show the appearance of the additional
resonance at about 287.3 eV (see Figure 4c) similar to the
case of PFP monolayer films on Cu(111) and on Ag(221).
Interestingly, the positions of the monolayer film that have not
been illuminated before by synchrotron light do not show this

new NEXAFS resonance and instead exhibit an undisturbed
NEXAFS spectrum, as depicted in Figure 4d. We note further
that this spectrum also does not change even when illuminating
this spot for more than 30 min, which indicates an enhanced
radiation stability of the monolayer compared to PFP
multilayers. Additional experiments that were carried out by
irradiating multilayer films with synchrotron light with energies
of 300 and 720 eV revealed no noticeable difference. This
finding suggests that the occurring damages are not due to
resonant excitations or a direct photon induced process within
the molecule but rather can be attributed to secondary
electrons excited in the metal substrate underneath.

Total-Energy Calculations. A number of plausible starting
configurations were probed in order to determine the
adsorption geometry of single PFP molecules on the (111)
surface of Cu, Ag, and Au. Irrespective of the substrate, PFP is
found to only weakly interact with the metal surface. The
calculated charge densities do not indicate the formation of
covalent bonds or any significant charge transfer between
substrate and adsorbate. Rather, the molecules adsorb with a
relatively large distance of 3.49, 3.53, and 3.65 Å above the
(111) surface of Cu, Ag, and Au. We calculate adsorption
energies ΔEads of −2.84, −1.74, and −1.56 eV for the three
substrates corresponding to the reaction

+ ⇌ ΔEPFP M PFP@Mg ads

Previous DFT-D calculations by Toyoda et al.11 resulted in
respective equilibrium distances of 2.9, 3.2, and 3.2 Å and
adsorption energies of −2.17, −2.40, and −2.68 eV for Cu, Ag,
and Au. The difference in the present results may partially be
related to numerical differences such as the smaller number of
layers used to model the substrate in ref 11, Additionally,
according to observations of Reuter’s group,28 the Grimme
scheme52 used by Toyoda et al. results in stronger and shorter

Figure 3. Effect of surface steps on the thermal decomposition of PFP
on a stepped Ag(221) surface of which geometry is drawn
schematically in part d. Comparison of carbon edge NEXAFS spectra
obtained for PFP films on Ag(221), (a) prepared by thermal
desorption of excessive multilayers at 410 K and (b) submonolayer
film produced by deposition of less than 2 Å at RT. Like in Figure 2,
the same color code is used to denote the angles of incidence while a
NEXAFS spectrum of PFP on SiO2 is shown for comparison in part c.

Figure 4. Radiation damage of PFP multilayers. Photographs a and b
show an irradiated PFP multilayer on Au(111) before and after
heating. While the intact multilayer thermally desorbs, the irradiated
layer remains visible (black ellipse). NEXAFS spectra of such beam
damaged areas are shown in part c and are compared to areas which
had not been irradiated prior to thermal desorption in part d. Like in
Figure 2, the same color code is used to denote the angles of
incidence, while a NEXAFS spectrum of PFP on SiO2 is shown for
comparison in part e.
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adsorbate−substrate bonds than the DFT-D implementation
used in the present work.
Next, we consider the partial dissociation of PFP. Since for

nonfluorinated acenes the largest reactivity is found for the
central ring,53,54 we model the case that a single fluorine atom
dissociates from the central ring of either the surface adsorbed
or gas-phase PFP molecule according to

⇌ + Δ

⇌ + Δ

•

• •

E

E

PFP@M C F @M F

PFP C F F (gas)

22 13 g diss

g 22 13g g diss

The calculated energies ΔEdiss are summarized in Table 1.
The corresponding value for the gas phase is ΔEdiss(gas) = 5.4
eV.

Obviously, the dissociation of surface adsorbed PFP requires
considerably less energy than the corresponding reaction in the
gas phase, in particular for Cu and Ag substrates. This is
surprising, given the rather weak interaction between PFP and
substrate. In order to better understand this phenomenon, we
calculated the adsorption energy of the partially defluorinated
PFP according to

+ ⇌ Δ• •EC F M C F @M22 13g 22 13 ads

Obviously, the energy released upon adsorption of the
partially defluorinated PFP, ΔEads

• , is of the order of 1 eV larger
than ΔEads (see Table 1). This increase in adsorption energy is
accompanied by a change in adsorption characteristics. As
shown in Figure 5, upon F dissociation, the formerly weakly
physisorbed PFP forms a strong C−M bond, which is
accompanied by a considerable distortion of the molecular
adsorption geometry, leading to a bending of the aromatic
backbone. This is consistent with our NEXAFS findings, which
showed a notable change in dichroism. If one compares the
energy difference ΔEads• − ΔEads with the substrate-induced
change in the dissociation energy ΔEdiss, one finds the same
trend: The less noble the substrate, the stronger the increase in
adsorption energy and the stronger the decrease in dissociation
energy. The above results show that the possibility of broken-
bond healing provided by the coinage-metal substrate is largely
responsible for the catalytic action observed experimentally. We
mention that a similar effect has recently been found to catalyze
the polymerization of tetraazaperopyrene on Cu(111).55

While the calculations so far allow for understanding the
chemical trend, they certainly do not model the majority of
dissociation events. It can be expected that the F dissociation
followed by lateral diffusion has a lower activation energy than
the immediate F desorption into the gas phase. In order to
elucidate the initial stages of this process, we consider the
reaction

⇌ + ΔEPFP@M C F @M F@M (surf)22 13 diss

for the case of the Ag(111) surface. In Figure 6, we show the
calculated energy landscape ΔEdiss(surf) seen by a dissociated
fluorine atom moving laterally away from the PFP molecule.
The potential energy surface has been calculated by fixing the
lateral position of the dissociated F atom as well as the two
carbon positions farthest away from this fluorine, while all
remaining degrees of freedom were allowed to relax. As
expected, we find the energy barrier for dissociating the F
laterally considerably smaller than that for a vertical reaction
path; it amounts to 2.1 eV. Once this barrier is overcome, the
originally PFP dissociated F atom adsorbs most favorably in 3-
fold coordinated bridge position. Finally, an energy gain of 0.1
eV is realized for dissociation on the Ag(111) surface. It is
considerably larger on Cu (1.9 eV, cf. Table 1), whereas energy
is required (0.4 eV, cf. Table 1) to dissociate PFP on Au. This
explains why the majority of PFP molecules on gold will desorb
intactly upon heating, in contrast to Ag and Cu, where
dissociation is thermodynamically more favored.
Once partially dissociated PFP molecules are covalently bond

to the Cu or Ag substrate, additional cleavage of fluorine will
occur, eventually leading to an almost complete defluorination.
Regarding the separated fluorine atoms, several reaction paths
are conceivable. Comparing the corresponding standard
enthalpy of formation of the various metal fluorides
(ΔfHs

0(CuF) = −2.91 eV,56 ΔfHs
0(AgF) = −2.12 eV,57 AuF

not stable) indicates that they can be formed only on silver or
copper. Alternatively, the desorbing F radical can further react
with hydrogen (i.e., from covered walls of the vacuum vessel),
leading to the formation of the stable HF (ΔfHg

0(HF) = −2.83
eV56) which could be detected in previous thermal desorption
spectra of PFP films adsorbed on Ag(111).14 The fact that
metal fluoride species were only observed in our XPS data for
copper but not for silver (cf. Figure 1e) is consistent with these
values because only CuF is more stable than the most likely
path of fluorine desorption upon heating.

■ DISCUSSION
The present measurements show distinct differences in the
chemical stability of PFP films on the various coinage metal
surfaces. Though PFP is only weakly adsorbed on Au(111), this

Table 1. Adsorption and Dissociation Energies Calculated
within DFT-D as Defined in the Text

E (eV) Cu(111) Ag(111) Au(111)

ΔEads −2.8 −1.7 −1.6
ΔEdiss 3.3 3.8 4.1
ΔEdiss(gas) − Ediss 2.1 1.6 1.3
ΔEads• −4.0 −2.7 −2.5
ΔEads• − ΔEads −1.2 −1.0 −0.9
ΔEdiss(surf) −1.9 −0.1 0.4

Figure 5. Calculated geometry of intact (top, C22F14) and partly
defluorinated (bottom, C22F13) PFP adsorbed on the Ag(111) surface.
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interaction exceeds the intermolecular cohesion and allows for
a controlled thermal desorption of multilayers. The remaining
nominal monolayer reveals neither any broadening of the π*
resonances in the C1s NEXAFS spectra as compared to the
bulk data nor a change in the stoichiometry upon heating to
temperatures of more than 500 K. Only a continuous decrease
of the PFP related intensity occurs for temperatures above 450
K which is indicative for desorption of intact molecules. This
physisorption of PFP on Au(111) and Ag(111) at room
temperature is in pronounced difference to the adsorption of
the nonfluorinated pentacene, where a substantial broadening
of the π* resonances was found for monolayer films on both
substrates.15,58 By contrast, on Cu(111), a significant
defluorination takes place already during thermal desorption
of multilayer films at about 430 K, which is accompanied by a
reduced dichroism of the carbon edge NEXAFS signatures. A
temperature induced surface reaction of PFP films on Cu(111)
has also been reported previously by Glowatzki et al.12 In that
study, it was further found that after extensive heating of
submonolayer films (135 min at 425 K) the adsorbed
molecules were fixated so that they could be imaged by
means of scanning tunneling microscopy at room temperature
while nonheated films appear to be quite mobile. The presently
identified decomposition of PFP on Cu(111) continues upon
further heating until the layer is almost completely defluori-
nated at 600 K, leaving a fluorine-free carbon film behind. For
comparison, a monolayer of the nonfluorinated pentacene
adsorbed on Cu(110) can sustain heating to these temperatures
without any degradation.13 Interestingly, a noticeable degrada-
tion was also observed for PFP films on Ag(111) when heating
above 440 K. As one would expect, this indicates that the
reactivity of silver is in between that of Au and Cu, being
strongest for copper. The appearance of a temperature-induced
decomposition of PFP molecules on Ag(111) in spite of their
physisorption at room temperature indicates a metastable
equilibrium of the intact layer. This observation is at variance
with the findings of a previous DFT-based analysis of PFP
monolayers adsorbed on the (111)-oriented surfaces of these
three coinage metals,11 where the largest adsorption energy was

found for gold and the smallest one for copper. On the
contrary, the trend found in the experimental data is well
reproduced by the DFT-D calculations of the present study. By
also considering chemical recations at the molecule−metal
interface, it was possible to unravel the observed defluorination
mechanism in our theoretical analysis. Though fluorine
separation is a thermally activated process, the system benefits
from an overall energy gain upon covalent C−M bonding of
partially dissociated PFP molecules to the metal surface as well
as the formation of metal fluorides in the case of Cu and Ag
substrates. Interestingly, in contrast to CuF, no AgF related
signal could be detected in the XPS data which suggests that
fluorine is only weakly bound at the Ag(111) surface and may
thermally desorb at temperatures where PFP becomes
defluorinated. Additional measurements on PFP adsorbed on
the stepped Ag(221) surface showed a reduced barrier for
defluorination which occurs already at lower temperatures, thus
demonstrating the catalytic effect of steps. The latter result is of
particular relevance for device applications, since electrodes in
electronic devices are polycrystalline and exhibit numerous
defects so that defluorination is expected to occur already at
lower temperatures slightly above room temperature. In this
respect, the barriers of decomposition obtained from theoretical
analysis of the interaction of PFP with ideal, defect-free (111)
surfaces should only be considered as an upper limit, whereas
real surfaces always exhibit defects which lower this barrier.

■ CONCLUSIONS

Large differences in the thermal and chemical stability of PFP
thin films adsorbed on the coinage metal surfaces of Cu, Ag,
and Au were observed. Only on gold PFP desorbs without any
noticeable decomposition, while Ag and Cu catalyze a partial
defluorination, leading to a distortion of the adsorption
geometry. Our DFT-D calculations showed that, even on the
noble metal silver, defluorination and subsequent covalent
binding of PFP to the metal are energetically favored against
desorption. The present study indicates that fluorinated
aromatic hydrocarbons, though exhibiting interesting electronic
properties such as n-type conduction and robustness against
oxidation, might actually be less stable in contact with metal
surfaces than their nonfluorinated analogues. It thus emphasizes
the importance of not only characterizing possible energy level
alignment with respect to the Fermi level of metal substrates
but also analyzing the chemical stability to validate their use for
organic electronic device applications.
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5.7.1 Abstract

Chemical-vapor-deposited large-area graphene is employed as the coating of transparent
substrates for the growth of the prototypical organic n-type semiconductor perfluoropen-
tacene (PFP). The graphene coating is found to cause face-on growth of PFP in a yet
unknown substrate-mediated polymorph, which is solved by combining grazing-incidence
X-ray diffraction with theoretical structure modeling. In contrast to the otherwise com-
mon herringbone arrangement of PFP in single crystals and “standing” films, we report
a π-stacked arrangement of coplanar molecules in “flat-lying” films, which exhibit an
exceedingly low π-stacking distance of only 3.07 Å, giving rise to significant electronic
band dispersion along the π-stacking direction, as evidenced by ultraviolet photoelectron
spectroscopy. Our study underlines the high potential of graphene for use as a transparent
electrode in (opto-)electronic applications, where optimized vertical transport through
flat-lying conjugated organic molecules is desired.

5.7.2 Methods

Density Functional Theory, Organic Molecular Beam Deposition, Near-Edge X-Ray Ab-
sorption Finestructure Spectroscopy, Raman Spectroscopy, Ultraviolet Photoelectron
Spectroscopy, X-Ray Diffraction
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G
raphene, the two-dimensional hexa-
gonal arrangement of sp2-hybridized
carbon,attractedunprecedentedglobal

research interest during the past decade.1�4

This is due to its outstandingmechanical1�3

and electronic4 properties, which may be
exploited in a broad range of applications,
including field-effect transistors,5 gas sensors,6

optical modulators,7 or organic electronics.8,9

In particular, its high optical transparency
together with its large charge-carrier mobi-
lity and low sheet resistance10�12 renders
graphene an ideal electrode material for
(opto-)electronic applications9 with the poten-
tial to replacehigh-cost tin-doped indiumoxide
(ITO) as standard transparent cathode.12,13

For organic electronics, in particular, one
key charge-transport parameter is the trans-
fer integral t expressing the ease of charge

transfer between adjacent molecules, which
depends on intermolecular distance and
mutual orientation.14�16 As molecular or-
ganic semiconductors (OSCs) are generally
anisotropic;exhibiting a layered bulk crys-
tal structure with a typical edge-to-face
herringbone (HB) arrangement17,18 of mol-
ecules within one layer;also t and the
charge transport are highly anisotropic:19

the mobilities are generally higher within
the HB layers. In order to increase t in that
direction, considerable research efforts have
been put toward modifying the molecular
packing of OSCs from HB to a parallel
arrangement of the molecular planes, re-
ferred to asπ-stacking.20 Indeed, such stack-
ing can be favored over HB by the attach-
ment of functional side groups,20 as shown
for bis(triisopropylsilylethynyl)pentacene
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ABSTRACT Chemical-vapor-deposited large-area graphene is

employed as the coating of transparent substrates for the growth

of the prototypical organic n-type semiconductor perfluoropenta-

cene (PFP). The graphene coating is found to cause face-on growth

of PFP in a yet unknown substrate-mediated polymorph, which is

solved by combining grazing-incidence X-ray diffraction with theo-

retical structure modeling. In contrast to the otherwise common

herringbone arrangement of PFP in single crystals and “standing”

films, we report a π-stacked arrangement of coplanar molecules in “flat-lying” films, which exhibit an exceedingly low π-stacking distance of only 3.07 Å,

giving rise to significant electronic band dispersion along the π-stacking direction, as evidenced by ultraviolet photoelectron spectroscopy. Our study

underlines the high potential of graphene for use as a transparent electrode in (opto-)electronic applications, where optimized vertical transport through

flat-lying conjugated organic molecules is desired.

KEYWORDS: graphene . organic electronics . structure solution . pentacene . perfluoropentacene . band dispersion .
grazing-incidence X-ray diffraction
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(TIPS-PEN).21,22 Furthermore, it was recently demon-
strated that, in such π-stacked films, reducing the
intermolecular stacking distance from 3.33 to 3.08 Å
and, hence, increasing t, increases hole mobilities in
transistors from 0.8 to 4.6 cm2 V�1 s�1.23 However, on
common substrates like oxides (e.g., ITO), the π-
stacking direction lies parallel to the substrate plane,23,24

while out-of plane π-stacking is actually desired for
(opto-)electronic applications, where current flows
through the device vertically.
In contrast to ITO, typical OSCs adopt a face-on

orientation on residue-free graphene, as evidenced
in several studies for the monolayer regime.25�29 In
thicker films, however, where the intermolecular inter-
action predominates over the molecule�substrate
interaction, a transition to the OSC bulk crystal struc-
ture, that is, the typical HB arrangement, is generally
observed,29�31 thereby limiting the vertical charge-
carrier mobility, which is detrimental for (opto-)electronic
applications, such as vertical organic field-effect tran-
sistors (v-OFETs).32�34 In standard OFETs, the channel
typically lies parallel to the dielectric substrate and,
therefore, within the high-mobility directions of proto-
typical p- and n-type transistor materials like pentacene
(PEN)35 or perfluoropentacene (PFP),36 respectively,
which adopt a standing molecular orientation in such
devices. For v-OFET, in contrast, enhanced vertical
transport through both a molecular arrangement par-
allel to the substrate and optimized intermolecular
orientation is sought.
In this study, we report on vertically π-stacked

growth of PFP in films of application-relevant thickness
with an exceedingly smallπ-stacking distance, which is
induced by coating quartz substrates with graphene.
This packing motif is in contrast to all reports so far,
where a HB arrangement of PFP with an edge-to-face
herringbone angle of almost 90� both in the single-
crystal polymorph36 and in a thin-film phase (TFP);
present on oxide substrates;prevails.37,38 We carried
out a full structure solution of this π-stacked poly-
morph (PSP) on graphene (and of the TFP on SiOx; see
Supporting Information) by combining X-ray diffrac-
tion (XRD) methods with theoretical structure model-
ing. We provide evidence for the long-range epitaxial
growth of this polymorph on graphene, that is, orien-
tational registry of the molecules in the film with the
underlying graphene layer. Furthermore, all of our
experiments are corroborated by measurements on
highly oriented pyrolytic graphite (HOPG) as reference,
where an identical growth is evidenced by comple-
mentary experimental techniques. Finally, by employ-
ing ultraviolet photoelectron spectroscopy (UPS), we
report electronic band dispersion of the highest occu-
pied molecular orbital (HOMO) derived band in the
π-stacking direction, which allows determining the
value of the transfer integral t and, finally, estimating
the hole mobility μh.

39

RESULTS AND DISCUSSION

Graphene used throughout this work was synthe-
sized through chemical vapor deposition (CVD) of
methane on copper foil at 1020 �C substrate tempera-
ture with an ensuing wet transfer procedure to sup-
porting quartz glass.41 A representative Raman spec-
trum of the sample is depicted in Figure 1a, which
shows a symmetric 2D band at 2686 cm�1 with an
intensity ratio to the G peak of 3.4:1. It can be fitted by
a single Lorentzian (full width at half-maximum =
39 cm�1), thus evidencing the sample to be predomi-
nantly single-layer graphene. The D band contribution
at 1355 cm�1 is related to crystal size effects42 due to
defects and grain boundaries from the CVD growth
process.43,44 This graphene-coated quartz sample
served as the substrate for a vacuum-deposited PFP
filmwith 30 nmnominal film thickness, asmeasured by
a quartz crystal microbalance.
Figure 1b shows a specular XRD scan of the film

compared to that of a PFP/HOPG reference. (For an
explicit comparison between specular X-ray diffraction
on graphene-coated and noncoated quartz, see the
Supporting Information.) Both films show a strong
diffraction feature at qz = 2.06 Å�1, which cannot be
explained by either of the two known HB polymorphs
of PFP, that is, the single-crystal polymorph36 as well as
the TFP (see Supporting Information), evidencing the
presence of the yet unknown PSP. Note that in a recent
study for PFP on Ag(111), the same reflection was
observed;45 however, the structure was not solved by
grazing-incidenceX-ray diffraction. Thisfinding is corrobo-
rated by supporting confocal Raman microscopy,
which points toward the presence of a PFP phase
significantly different to the single-crystal polymorph
(see Supporting Information). To determine its unit
cell parameters, we performed grazing-incidence X-ray
diffraction (GIXRD); the corresponding reciprocal space
map (RSM) is depicted in Figure 1c (top). The map can
be indexed with the triclinic unit cell parameters of
a = 15.13 Å, b = 8.94 Å, c = 6.51 Å, R = 78.56�, β =
108.14�, and γ = 92.44�, yielding a cell volume of 820 Å3,
which is essentially identical to that of the (monoclinic)
TFP (816 Å3). This similarly suggests the presence of
two molecules per unit cell (Z = 2) also for the PSP; for
the PFP/HOPG reference, identical growth was found
via GIXRD-RSM (see Supporting Information). Coming
back to Figure 1b, the unit cell parameters allow assign-
ment of the specular peak to the PSP(002) reflection.
While the peak positions in GIXRD investigations

(Figure 1c) allow precise determination of the unit cell
dimensions, the peak intensities provide information
on the molecular orientation within the unit cell. One
has to bear in mind, however, that taking the experi-
mental intensities from GIXRD as a measure for the
structure factors of the PSP requires a perfectly fiber-
textured film. Thismakes the straightforward approach
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of fitting the molecular orientation against the experi-
mental intensities24 problematic on graphene, where
neighboring grains might exhibit a nonrandom angu-
lar relation. Recently, we presented amethod tomodel
the molecular orientation of a similar rod-like OSC by
force-field calculations, where the only experimental
input was the unit cell dimensions deduced from
GIXRD.46 Following the same approach for rigid PFP
molecules confined in the PSP unit cell, we derive a full
structure solution for the PSP, which is characterized by
almost parallel molecular axes and planes (deviations
below 4�), as illustrated in Figure 2b. To further validate
this surprising result, we followed three independent
approaches: (i) We employed crystal structure predic-
tion methods47 constrained to the experimental PSP
unit cell with an ensuing comparison to the experi-
mental peak intensities determined for the PFP/HOPG
reference, which is fiber-textured; subsequently lifting
the constraints corroborates the PSP being a local
minimum crystal structure. (ii) We carried out a direct
fit of the molecular orientation against the experimen-
tal intensities using the software package FOX,48 which
became feasible owing to the large number of reflec-
tions in the corresponding map on the (fiber-textured)
PFP/HOPG reference. Both approaches led to essentially

identical results and fully confirm our structure solution
(see Supporting Information for further details). Note that
our structure solution fully covers the absence of the
PSP(001) reflection in Figure 1b despite the triclinic crystal
class of the PSP, where no systematic extinctions occur.
The calculated intensity ratio of the PSP(001) to the
PSP(002) reflection is 1:10 000, which cannot be ex-
perimentally observed. Furthermore, the high intensity
of the (113�1) in-plane reflection (Figure 3b) corre-
sponding to planes perpendicular to the long molec-
ular axis is covered by our solution. (iii) Entirely
independent from X-ray diffraction, we performed
near-edge X-ray absorption fine structure spectrosco-
py (NEXAFS). Because identical growth on both gra-
phene and HOPG is evidenced by XRD, we carried out
NEXAFS on the PFP/HOPG reference to avoid known
issues of NEXAFS on (large-area) epitaxial, azimuthally
anisotropic organic films,49,50 hence exploiting the fiber
texture of the HOPG substrate (Supporting Information).
The spectra in Figure 1d show a strong dichroism
indicating a preferential molecular orientation in the
film. Because the lower-energy peaks correspond to
excitations of C1s electrons into unoccupiedπ* orbitals
(π* resonances) and the corresponding transition di-
pole moments in PFP (denoted as T in Figure 1e) are

Figure 1. (a) Representative Raman spectrum of the graphene/quartz substrate. (b) Specular XRD scans of PFP/graphene
(top) and PFP/HOPG as reference (bottom) both showing the PSP(002) reflection. For PFP/HOPG, the HOPG(002) reflection
dominates the spectrum (higher harmonics of the substrate marked by stars), while no such diffraction is observed for
PFP/graphene; there, minor contributions of standing PFP grown in the TFP, likely related to nucleation on substrate
defects,40 are found. (c) Top: GIXRD-RSM of PFP/graphene yielding the PSP unit cell dimensions. Bottom: Results of the full
structure solution of the PSP; blue and orange half-circle areas compare the calculated to experimental structure factors
deduced from the RSM of the PFP/HOPG reference (Supporting Information); values normalized to the (600) peak. (d)
Supporting NEXAFS spectra of PFP/HOPG recorded at different incidence angles θ of the beam indicate a strong dichroism of
PFP; spectra were corrected by a subtraction of weighted HOPG substrate contributions. (e) Quantitative evaluation of the
dichroism indicates an essentially lying molecular conformation; EB denotes the electric field vector of the beam, and R the
angle between the transition dipole moment TB and the sample normal.
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oriented perpendicular to the molecular plane,51 their
gradual intensity change from grazing (30�) to normal
incidence of the primary beam confirms essentially
flat-lying molecules in the PSP. This is clearly seen by a
comparison of the experimental angle dependence
of the π* resonance intensity to calculated values, as
shown in Figure 1e.
Although exceedingly different from both the TFP

and the single-crystal polymorph, where a HB arrange-
mentwith a HB angle of almost 90� is found (Figure 2a),
the severe change in molecular arrangement appears
counterintuitive only at first glance. Noncovalently
bound molecular assemblies, be it of HB or π-stacked
type, result from a competition of electrostatic and
dispersion interactions. It is understood that a parallel-
displaced stacking motif of π-conjugated molecules is
due to an interplay between a favorable dispersion
component through the π-electron system (frequently
termed π�π interaction) and unfavorable electrostatic
effects, which areminimized by lateral displacement.52

PFP exhibits strong intramolecular polar bonds (IPBs)
between the highly electronegative fluorine atoms
carrying a negative partial charge F[δ�] and the back-
bone carbon atoms C[δþ], which translates into local

dipole moments pointing symmetrically toward the
molecular core,53�55 as sketched in Figure 2c. In addi-
tion to dispersion forces, such local dipoles/multipoles
impact the intermolecular arrangement,56�59 and in
the present case, attractive dipole�dipole interactions
between adjacent PFP molecules further stabilize the
parallel-displaced π-stacked arrangement of PFP, as illu-
strated by the electrostatic potential map in Figure 2d.
Note that this is in stark contrast to (nonfluorinated) PEN,
where such strong IPBs do not exist and HB arrange-
ment is found in all polymorphs with mutually inclined
molecular planes; for GIXRD of PEN/HOPG and a dis-
cussion of growth (dis-)similarities between PFP and
PEN, see the Supporting Information. A closer inspec-
tion of the PFP polymorphs reveals that a similarly
stacked motif is, in fact, present in both the HB and
the π-stacked arrangement, as highlighted in red in
Figure 2a,b. On graphene, the molecules are laterally
shifted such that four fluorine atoms of one molecule
lie exactly in the ring center of the other while being
translated by one ring along the long molecular axis,
which optimizes the mutual orientation of the local
dipole moments associated with the IPBs (Figure 2d).
The remaining major difference between the two

Figure 2. Comparison of the molecular arrangement in the two polymorphs of PFP determined in this work. (a) Herringbone
arrangement of the TFP on SiOx viewed along the long molecular axes (left), illustrated within the unit cell (middle), and as a
top view on the (100) texture plane37,38 (i.e., along the a* axis) (right). (b) π-Stacked arrangement of the PSP viewed along the
long molecular axes (left), within the unit cell (middle), and as a top view on the (001) texture plane parallel to graphene
(i.e., along the c* axis) (right). Similar π-stacked motifs are shaded in red; π-stacking distances are indicated. (c) Calculated
atomic charges on the constituting atoms of a PFP molecule. (d) Calculated molecular electrostatic potential map (in atomic
units) of an individual PFP molecule with an adjacent molecule within the parallel-displaced stacked motif of the PSP.
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polymorphs is merely the ∼90� HB angle in the TFP,
which can, in principle, be thought of as being con-
structed by mirroring the stack at the dotted lines in
Figure 2. Importantly, the π-stacking distance is sig-
nificantly reduced from the HB structures (single-
crystal phase, 3.26 Å; TFP, 3.17 Å) to 3.07 Å in the π-
stacked PSP on graphene, which is among the lowest
π-stacking distances ever reported for organic semi-
conductor crystal lattices.23

Clearly, since identical preparation parameters on
SiOx and graphene lead to the growth of stable films in
two highly different crystal structures, the nature of the
substrate emerges as the decisive factor for the selec-
tion of the respective polymorph during growth.60,61

Recently, the surface unit cell of the closely packed PFP
monolayer on HOPG62 and on metallic substrates was
determined by both scanning tunneling microscopy63�65

and electron diffraction51 to be almost identical to that
found here for themolecules on the (001) texture plane
of the PSP (17.2 Å � 8.9 Å, —61�), as illustrated in
Figure 2b. In analogy to metals and HOPG, the forma-
tion of a flat-lying PFP monolayer is expected for the
graphene substrate and subsequentmultilayer growth
is kinetically stabilized by the monolayer arrangement60

in the almost identical 3D packing motif of the PSP. As
the PSP crystal structure results also from our crystal
structure prediction approach, where the substrate is

not taken into account (vide supra), the PSP is indeed a
local energetic minimum that is selected by the sub-
strate. Note that in a previous study40 the PSP was
observed also in significantly thicker films on HOPG
without any evidence of a thickness-driven phase
transition to HB. This finding demonstrates the im-
portance of control over the initial OSC growth to
achieve desired structural properties in functional films.
Graphene as a substrate not only induces growth in

the π-stacked polymorph but also further leads to
three-dimensional epitaxial growth of uniaxially aligned,
flat-lying PFP molecules. This is best envisioned em-
ploying GIXRD texture analysis67 via sample rotation
around the texture axis (sample normal) byj= 360�, as
illustrated in Figure 3a. There, modulations in peak
intensity for given net planes appear in j scans if the
crystallites exhibit a preferential azimuthal orientation
around the texture axis instead of a perfect fiber
texture (“2D powder”) that would occur as homoge-
neous intensity distribution instead. Clearly, for PFP/
graphene, we find a strong intensity modulation with
12 equidistant maxima for three selected strong PFP
reflections [(�111), (100), and the strong in-plane
reflection (11 3�1)], which exhibit an angular relation
in j that perfectly agrees with the PSP unit cell
determined above (Figure 3b). Given the active spot
size of the X-ray beam in the range of 1mm2, this result

Figure 3. (a) Cartoon of the principle of GIXRD texture analysis. For epitaxially ordered films, discrete peaks are observed,
which degenerate to circles for fiber-textured films. (b) Scans around the azimuthal angle j for the three strong reflections
(�111), (100), and (11 3�1) of the PSP, each showing 12 maxima (top). Integration of the data along the out-of plane
component of the scattering vector (qz) yields line scans (bottom); j axes were transformed from the experimental 2 þ 2
geometry66 to common pole figure geometry (Supporting Information). (c) Cartoon of the two suggested alignments of PFP
in multilayer films (top view on the PSP(001) plane) with the graphene lattice along its two high-symmetry directions Æ100æ
and Æ210æ. As these directions are crystallographically and energetically highly different but the observed intensities (b) do
not alternate, an alignment with Æ210æ appears improbable (see text).
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implies epitaxial order of the adsorbate in 12 prefer-
ential rotational domains at this length scale, which is
possible due to the correspondingly large grain size of
the copper foil upon thermal annealing (close to the
melting temperature of Cu) during CVD graphene,
which is reported to be beyond severalmillimeters.43,68

Importantly, the finding of 12 reflections instead of 6,
as it would be expected from the 6-fold symmetry
of the graphene lattice, can have two causes, which,
however, cannot be directly discriminated by the pre-
sent area averaging experiments. First, the CVD-grown
graphene substrate itself exhibits 12-fold symmetry
caused by its growth on the copper foil, which is pre-
dominantly (100)-textured due to thermal treatment
prior to graphene formation.68 Therefore, there are two
equivalent ways for the (6-fold symmetric) graphene
layer to align with a supporting (4-fold symmetric)
copper grain, finally leading to the observed 12-fold
symmetry of the graphene layer.43,44 The epitaxially
grown PFP film aligns to graphene in a single-well-
defined manner, thus adopting the substrate's fold-
ness. Second, there exist two high-symmetry directions
for the 6-fold symmetric graphene itself, the Æ100æ
(“zigzag”) and the Æ210æ (“armchair”) directions.69 The
long molecular axis of PFP might align with either
(Figure 3c), yielding a total of 24 orientations, of which
only 12 are distinct. However, given that these two
directions of graphene must be expected to be both
crystallographically and energetically different, while
no azimuthal alternation in intensity of the diffraction
peaks (Figure 3b) is observed, we prefer explanation
one. Note that growth in the (00�1) mirror texture
cannot explain the observed 12 reflections, as upon
molecular alignment with the high-symmetry directions
the reflections of both textures coincide (Supporting
Information). We stress that epitaxial growth on gra-
phene observed here for PFP is by far not self-evident,
as, for example, the related organic semiconductor
perylene-3,4,9,10-tetracarboxylic aciddianhydride (PTCDA)
does not epitaxially arrange with graphene.70

Having established the crystal structure of π-stacked
PFP, we finally turn to investigating its impact on the
electronic properties, that is, in particular, the transfer
integral t crucial for charge transport, as outlined
above. To that end, we carried out ultraviolet photo-
electron spectroscopy (UPS) on the PSP under variation
of the energies (hν) of the incident photons at normal
emission (Figure 4) to observe intermolecular energy-
band dispersion along the surface normal. To avoid
sample-charging issues due to the insulating quartz
substrates coated by graphene, we performed UPS
on PFP/HOPG, where growth in the PSP was likewise
found by XRD (vide supra). For UPS experiments, a lower
nominal film thickness of 10 nmwas chosen, which is, on
the one hand, sufficiently low to avoid sample charging
issues and, on the other hand, large enough to avoid an
influence of the HOPG substrate on the PFP electronic

structure. From the UPS data, a value of the ionization
energy of 6.0 eV is determined, which is in line with lying
PFP71 (see Supporting Information for raw data). Accord-
ing to the tight-bindingmodel (assuming aparabolic free-
electron-like band as the final continuum state), the
energy-band dispersion relation is given by39,72 Eb(k^) =
Eb
0 � 2t cos(k^d^) with k^ = (2me

*/p2)1/2(Ekin � V0)
1/2,

where Ekin = hν � Eb is the kinetic energy of the
photoelectron, Eb its binding energy from the vacuum
level, k^ its wave vector component along the surface
normal, Eb

0 the energy of the band center, t the transfer
integral, d^ the lattice spacing normal to the surface
(here, the (001) spacing of the PSP), me

* the effective
mass of the photoelectron in the final continuum state
(approximated by the free electron mass m0), and V0
the inner potential. For experimentally assessing t, we
varied hν from 27.5 to 75 eV (at room temperature) and
determined themaxima of the HOMObandby forming
the second derivative of the UPS data for each hν, as
depicted in Figure 4a. The HOMO emission maxima
shift toward lower binding energy with a minimum
around hν = 50 eV, where the shift is reversed. These
data translate into a dispersion relation Eb(k^), as
illustrated in Figure 4b in the extended zone scheme,
where the investigated hν range corresponds to ex-
citation in the 4th�6th Brillouin zones. For the experi-
mentally observed (001) lattice spacing, the data can
be fitted with a cosine function according to the tight-
binding model, which yields a value of 0.05 eV for the
transfer integral t of the PSP; this value equals that
for likewise vertically π-stacked PTCDA analogously de-
termined on HOPG as substrate73 and is even larger than
that recently found for picene single crystals.74 Finally, in
a broad-bandmodel (W > kBT), this allows estimating the
hole mobility at room temperature for the PSP in the
vertical direction to μh > 20(m0/mh

*)≈ 9.6 cm2/(V 3 s), with

Figure 4. Electron band dispersion of the π-stacked PFP
polymorph along the sample normal. (a) Second derivative
of the UPS spectra for different excitation energies in the
range of the HOMO emission; data represented as photo-
emission intensity map with fitted peak maxima indicated
aswhite dots (intensity normalized to the respectivemaxima);
binding energy (Eb) given with respect to the Fermi level (EF).
(b) Experimental dispersion of the HOMO band depicted in
the extended zone scheme with parameters of d^ = 6.11 Å,
Eb
0 = 1.89 eV, t = 0.05 eV, and V0 =�11.7 eV, which compare
well to literature values of related systems.39 The dispersion
is illustrated by two tight-binding cosine functions (red and
blue curves with d^/2) as the PSP unit cell contains two
molecules; the derived value of d^ equals the (001) lattice
spacing of the PSP.
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the (tight-binding approximated) effective hole mass of
mh

* = p2/(2td^
2) ≈ 2.08m0.

39,75

CONCLUSIONS

We demonstrated that coating transparent quartz
substrates with graphene induces lying and coplanar
π-stacked growth in thin PFP films. We determined the
unit cell parameters of this substrate-mediated PFP poly-
morph by GIXRD and carried out a full structure solution
both by theoretical structure modeling and fitting
experimental data. Compared to the herringbone-type
polymorphs of PFP, our structure solution reveals a
significantly reduced π-stacking distance of 3.07 Å for
PFP on graphene, which is among the lowest values

reported so far for organic semiconductors, giving rise
to distinct electronic band dispersion along the π-
stacking direction, as observed byUPS. Finally, we showed
that substrate coating with graphene induces large-scale
epitaxial growth of the vertically π-stacked molecules,
which is expected to maximize the vertical π-orbital
overlap being beneficial for the out-of-plane charge-
carrier mobility. Our study underlines the versatility
of graphene and its high potential as coating for
establishing transparent electrodes in future opto-
electronic applications, where vertical charge trans-
port is generally disfavored by an edge-on standing
molecular orientation on ITO-coated glass as a typi-
cal substrate.

METHODS
Materials and Sample Preparation. Perfluoropentacene (PFP)

(Kanto Denka Kogyo Co., 99% purity) was deposited via eva-
poration from resistively heated quartz crucibles (deposition
rate = 0.5 nm/min monitored with a quartz crystal microba-
lance, base pressure <5� 10�8 mbar). Graphene-coated quartz
pieces (2� 2 cm2) served as substrates that were established in
analogy to the procedure reported in refs 41 and 42 using a
Cu foil (7 � 7 cm2, 25 μm thickness, 99.8% purity, Alfa Aesar,
product no. 13382, annealed for 40 min at 1020 �C) for
CVD graphene growth with an ensuing wet transfer to the
quartz support. Highly oriented pyrolytic graphite (ZYA-grade,
1 � 1 cm2) that was ex situ cleaved was used as the reference
substrate.

Characterizations. Specular and grazing-incidence X-ray dif-
fraction (GIXRD) were performed ex situ at beamline W1.1 of
the synchrotron radiation source HASYLAB (DESY, Germany;
hν = 10.5 keV, inert He atmosphere) with an incident beam
angle of 0.15� using a MYTHEN 1D detector. Data processing
was carried out using the self-implemented software package
PyGid,76 including intensity corrections according to ref 66 and
a correction of refraction effects.

NEXAFS was performed at the HE-SGM dipole beamline
of the synchrotron storage ring BESSY II in Berlin (Germany)
providing linear polarized light (polarization factor = 0.91;
energy resolution at the carbon K-edge = 300 meV). All NEXAFS
spectra were recorded in partial electron-yield mode using a
channel-plate detector with a retarding field of �150 V. For the
calibration of the absolute energy scale, the photocurrent from
a carbon-coated gold grid in the incident beam (absorption
maximum = 284.9 eV) was recorded simultaneously. To deter-
mine the average tilt angle of the molecules relative to the
sample surface, measurements were carried out at three differ-
ent angles of incidence (30, 55, and 90�); for further details, see
the Supporting Information.

Ultraviolet photoelectron spectroscopy (UPS) experiments
were performed under ultrahigh vacuum conditions at the
endstation SurICat at the synchrotron light source BESSY II
(Helmholtz Zentrum Berlin für Materialien and Energie, Germany)
with an energy resolution of 120 meV using excitation photon
energies of 27.5�75 eV; the secondary electron cutoff was
recorded at �10 V sample bias.

Force-Field Calculations. To determine the molecular orienta-
tion within the experimentally determined unit cell of the π-
stacked polymorph, we utilize a global total energy minimiza-
tion scheme employing force fields as described in detail in ref
46. To summarize our approach, we consider the PFPmolecules
as rigid bodies and search for the molecular orientations, which
minimize the total energy.Weconsider the three spatial coordinates
of the molecular center of mass as well as the three Euler angles
representing the molecular orientation with respect to the unit
cell frame as degrees of freedom. Thus, in total, there are 6Z

degrees of freedom, where Z is the number of molecules in the
unit cell. To calculate the total energy of the PFP crystal, we use
empirical interatomic force fields, in particular, the MM3 force
field77�79 as implemented in the TINKER code,80 and further
checked the influence of the particular choice of force field on
the structure solution. To this end, we also utilized theDREIDING
force field81 as implemented in the GULP code,82 which led to
the same structure solutions as already foundwithMM3. For the
global minimum search, we utilize a genetic algorithm (GA) for
exploring the configuration space. Details on our implementa-
tion of the GA are given in the Appendix of ref 46. In order to
ensure that the best crystal structure solution is indeed found,
the GA optimization run has been repeated a sufficient amount
of times.

Comparing the total energies of the crystal structure solu-
tions, that is, the herringbone (HB)-type thin-film polymorph
(TFP) observed on SiOx and the π-stacked polymorph (PSP) on
graphene (and HOPG), the energy per molecule in the PSP is
found to be ≈24 meV higher than that in the TFP. In fact, this
result confirms the observation that, apart from the PSP ob-
served here on graphene coatings, all known PFP polymorphs
tend to form a HB arrangement. Otherwise, the strong inter-
action of the molecules with graphene (or HOPG), which is
considered only indirectly in our simulation by using the
experimental crystal structure, is responsible for stabilizing
the π-stacked packing in the molecular assemblies.

Crystal Structure Prediction. Possible crystal structures are pre-
dicted by systematically searching the potential energy hyper-
surface to identify its local minima. These minima represent the
possible configurations of mechanical equilibrium and thus
constitute the “natural” or “inherent” structures that the crystal-
line system can exhibit.83 About 20 000 initial configurations
were generated for PFP films on graphene, evenly distributed
among the various possible arrangements consistent with the
known structural information, that is, a triclinic unit cell (with the
experimental lattice parameters reported in this article) contain-
ing two molecules (Z = 2). The triclinic lattice allows only two
space groups: P1 (no symmetry) and P1 (inversion symmetry
only). In P1, the molecules have inversion symmetry and are
therefore allowed (but not required) to lie on one of the eight
possible inversion sites (with coordinates x,y,z equal to 0 or 1/2).
The various possibilities thus are P1with Z= 2 (1) (amolecule on
a generic site “1”, plus a second equivalent molecule obtained
by inversion), P1with Z= 2 (1,1) (two independentmolecules on
inversion sites “1”), or P1 with Z = 2 (1,1) (two independent
molecules, one chosen as the origin, the other at generic
coordinates).

Starting from each initial configuration, we minimize the
potential energy. The molecules are treated as rigid units with
the D2h planar geometry determined with Gaussian 03,84 using
the B3LYP/6-31G* combination of density functional and basis
set. They interact through a pairwise additive atom�atom
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potential model of the form V(r) = Aij/r
12 � Bij/r

6 þ qiqj/r, which
combines a Lennard-Jones potential model with the DREIDING81

parameters (Aij and Bij) with a Coulombic contribution described
by atomic charges qi. These parameters are fitted to the
electrostatic potential in the isolated molecule.84 Structural
optimization initially proceeded with lattice parameters fixed
to the experimental values. Once found all distinct constrained
minima [see the Supporting Information (S11) for one in perfect
agreement with the experimental intensities], we then contin-
ued the energy minimization without constraints, by adjusting
also the unit cell axes and angles. We suppose that surface-
induced polymorphs, although not necessarily coincident with
genuine local minima of the potential energy, cannot be too
unstable. Structures which move too far (once removed the
constraints on the lattice parameters) or that fail to converge to
stable bound states (i.e., to high-density structures with nega-
tive potential energy) are unlikely to be correct and are there-
fore discarded. Bulk crystal structures were also searched, using
the methods extensively discussed in previous work85,86 to
obtain information on the global stability of the minima and
to validate the potential model. We have, thus, generated and
optimized (without constraints) several thousands of additional
monoclinic structures in the space group P21/c with Z = 2 (the
structure of both the TFP and the single-crystal phase). The
potential model appears quite realistic since these two known
structures (single-crystal phase36 and TFP on SiOx

37) both
converge to very deep minima (rank 2) and are reproduced
extremely well by the calculations (see Table 1).

We suppose that surface-induced forms should closely
resemble local minima of the potential energy (inherent
structures). The idea is that the interactions with the surface
will mostly increase the energetic and/or kinetic stability of
minima that already exist, rather than creating brand new
minima. This idea is almost certainly correct for weakly inter-
acting surfaces such as SiOx, where the known structure (TFP)37

is closely related to the single-crystal structure.36 The idea is
probably also correct also for PFP on graphene, where a flat-
lying monolayer is expected and subsequent multilayer growth
is kinetically stabilized by the monolayer arrangement in the
almost identical 3D packing motif of the π-stacked polymorph
determined in this work (with significant initial theoretical input
but fully confirmed by the X-ray diffraction experiments). In fact,
it converges to a very deep minimum (rank 3), and again, the
computed lattice parameters are in good agreement with the
experiments (see Table 1).

Calculation of Atomic Charges. Density functional theory (DFT)
calculations of the atomic charges on the atoms forming a PFP
molecule and of the molecular electrostatic potential map
(Figure 2c,d) relied on the hybrid exchange-correlation func-
tional PBE087 and a 6-31G** contracted Gaussian basis set.88,89

Atomic charges reported in Figure 2 were obtained through a
Mulliken analysis;90 calculations were performed with the
Gaussian 09 quantum chemistry suite.91
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I. STRUCTURE SOLUTION OF THE PFP/SIOx THIN-FILM PHASE (TFP)
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FIG. S1. GIXRD reciprocal space map of a nominally 30 nm thick PFP film grown on native

SiOx indexed with the unit cell reported in Ref. [1]. Circle radii correspond to calculated structure

factors of a structure solution derived by following the approach outlined in Ref. [2]; the inset shows

a view along the long molecular axis. The data was recorded at beamline W1.1 of the synchrotron

radiation source HASYLAB (DESY, Germany) using a LiF point detector. The map consists of

125 horizontal line scans, the incident angle of the primary beam (10.5 keV) was set to αi = 0.15◦.

Colors correspond to diffraction intensities in logarithmic scale. The Crystallographic Information

File (CIF) of the TFP on SiOx is part of the Supporting Information to this manuscript.

Thin films of nominally 30 nm perfluoropentacene (PFP) on native silicon oxide (SiOx) sub-

strates grown in a yet unsolved surface-induced thin-film phase (TFP) were investigated by grazing-

incidence X-ray diffraction (GIXRD) reciprocal-space mapping, as reported in Ref. [1]. Our study

yielded monoclinic (P21/c) unit-cell parameters of a = 15.76 ± 0.02 Å, b = 4.51 ± 0.02 Å, c =

11.48± 0.02 Å, β = 90.4± 0.1◦, which is highly similar to the PFP single-crystal polymorph [3]. A

full structure solution was derived following the approach outlined in Ref. [2] yielding a herringbone

arrangement of the molecules with almost perpendicularly inclined molecular planes (see Fig. 2a

of the main text). The Crystallographic Information File (CIF) of the TFP on SiOx is part of the

Supporting Information to this manuscript.
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II. SUPPORTING EXPERIMENTAL DATA

A. Grazing-incidence X-ray diffraction on PFP/HOPG
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FIG. S2. (a) GIXRD reciprocal space map of the nominally 50 nm thick PFP reference film on

HOPG indexed with the π-stacked polymorph (PSP) solved within this work. (b) Comparison

of experimental result (orange half-circles) with the full structure solution derived by force-field

calculations (blue half-circles) following the approach outlined in Ref. [2]; blue and orange half-

circle areas compare the calculated to experimental structure factors; values normalized the (600)

peak. In contrast to the result on graphene (Fig. 1c of the main text), strong substrate contributions

occur from HOPG. Differences in peak-intensity ratios between this map and that of PFP/graphene

(Fig. 1c of the main text), e.g., the (2-10) and (1-10) reflections near the center) reflect the non-local

anisotropy of the graphene substrate and point towards epitaxial growth of PFP.

S4



B. X-ray diffraction rocking curve analysis of PFP/graphene
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FIG. S3. X-ray diffraction rocking scan on the (002) reflection of the PFP/graphene sample as

measured with the 1D detector (left) and as line-scan generated by an integration of 1◦ along δ

around the detector center δ = 0◦ (right). The detector position and the primary beam are fixed

in space (qz = 2.056 Å−1) and the sample is rotated around ω, as illustrated in the sketch of the

experimental geometry. From a fit of the line-scan with a Voigt-function the low rocking width of

0.7◦ is found.
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C. Impact of single-layer graphene coating on PFP growth
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FIG. S4. (a) Specular XRD scan of nominally 30 nm PFP on graphene coated quartz, where lying

growth in the π-stacked polymorph (PSP) is found (cf. Fig. 1b of the main text), as compared

to nominally 30 nm PFP on pristine quartz (b), showing growth of standing PFP in herringbone

arrangement. These data demonstrate that even one layer of graphene on quartz drastically changes

the stacking of PFP from herringbone to π-stacking. The horizontal dotted line indicates the

position on the lying π-stacked PSP(002) reflection dominant on graphene coated quartz (a) and

absent on the bare quartz substrate (b). The red star in (b) marks the signature of the last photons

diffracted at beamline W1.1 during the final shutdown of the storage ring DORIS on October 22,

2012.

S6



D. Pentacene/HOPG: similarities and dissimilarities of growth
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FIG. S5. GIXRD reciprocal space map of a nominally 50 nm thick pentacene (PEN) film on HOPG

with the corresponding specular diffraction (inset), where only one single orientation is found

(beamline W1.1 HASYLAB, DESY using a beam energy 10.5 keV and a LiF point detector; map is

composed of 85 line scans). In analogy to what is found for metal substrates [4–7] and (residue-free)

graphene [8, 9], PEN is observed to grow with the long molecular axis parallel to the substrate

in a herringbone (HB) polymorph [10] showing a (022) texture, as illustrated in the schematic

representation of the respective structure (right). In contrast to PFP, the HB polymorph occurs

even though the monolayer on HOPG [11] and metals [5] is clearly formed by flat-lying molecules.

For HOPG, it is reported that the flat-lying (physisorbed) PEN monolayer is transformed into the

HB-polymorph upon subsequent growth due to a weaker interaction of PEN with the substrate

than with neighboring molecules [12] leading to an upward tilting of the molecular planes, which

increases the packing density by 1/3 to that of the HB-polymorph. Even if the PEN wetting layer

is flat-lying and chemisorbed, as it is the case for metallic substrates [5, 6], the transition to HB

structure occurs, which is contrary to PFP that retains its initial orientation in further growth, as

shown in the main text.

S7



E. Ultraviolet photoelectron spectroscopy (UPS) data
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FIG. S6. UPS data in the range of the PFP HOMO recorded at normal emission for a nominally

10 nm thick PFP film on HOPG under a variation of the energies photon energy; data was corrected

for synchrotron radiation flux and treated with a 4-th order Savitzky-Golay filter, which was nec-

essary for subsequent numerical differentiation of the data (Fig. 4 of the main text). Dots indicate

HOMO peak centers determined from the maxima of the 2nd derivatives of the photoemission data.
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F. Quantitative NEXAFS analysis of PFP/HOPG

To assess information on the molecular orientation independent from X-ray diffraction, near

edge X-ray absorption fine structure (NEXAFS) spectroscopy was performed on a film of 50 nm

PFP on HOPG, as shown in the main text in Figs. 1d - e. Fig. S7 (grey curve) shows a strong π∗-

resonance of the HOPG substrate at 285.3 eV, which overlaps with a strong PFP resonance leading

to intensity offsets in PFP/HOPG spectra. Therefore, to correct for substrate contributions to the

recorded signal, an appropriately weighted spectrum of the clean substrate was subtracted. For that

purpose, the relative ratio of the PFP peaks was determined using a PFP/SiOx reference sample

(Fig. S7, black curve), where no substrate contributions exist at the C1s edge. The weighting of the

subtracted HOPG signal was chosen such, that the resulting spectrum exhibited the same relative

ratio of the PFP peaks as found for the PFP/SiOx reference. To improve the statistical reliability

of the calculated average molecular orientation, three different π∗-resonances were analyzed and

the derived angle was averaged.

PFP/SiOx

HOPG

*
*

in
te

ns
ity

 / 
a.

u.

energy / eV
280 290 300310 320

FIG. S7. NEXAFS measurements of the HOPG substrate (grey curve) in the region of strong PFP

resonances (black curve), as shown for a nominally 50 nm thick PFP/SiOx as reference. On SiOx,

no substrate contributions occur at the C1s edge, which allows determining the relative intensity

ratio of the PFP peaks for correcting for substrate contributions in our PFP/HOPG measurements

(Fig. 1d of the main text). This was done by subtracting an accordingly weighted spectrum of the

HOPG substrate such, that the resulting spectra exhibited the characteristic intensity ratio of the

PFP/SiOx reference.
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As apparent from Fig. 1d of the main text, the resulting spectra show a strong dichroism,

indicating preferred molecular orientation. As the first resonances are known to correspond to

excitations of C1s electrons into unoccupied π∗ orbitals (π∗-resonances) and the corresponding

transition dipole moments are oriented perpendicular to the molecular plane, high intensity of

those resonances occurs at grazing incidence (30◦) for a preferentially lying configuration, while

high intensity at normal incidence (90◦) indicates standing molecules [13]. From Fig. 1d of the

main text it is therefore clearly seen that the PFP molecules are preferentially oriented with their

molecular plane essentially parallel to the substrate in the π-stacked polymorph (PSP) (flat-lying

molecules). This is clearly seen by a comparison of the experimental angle-dependence of the

π∗-resonance intensity to calculated values, as shown in Fig. 1e of the main text.

The intensity of the π∗-resonances depends on the incident angle θ and is given by:

Iπ∗ ∝ P cos2 θ

(
3 cos2 α

2
− 1

2

)
+

sin2 α

2
, (1)

where P represents the polarization factor of the synchrotron light and α the average orientation of

the transition dipole moment relative to the surface normal [14, 15]. The quantitative evaluation

of the dichroism (Fig. 1e of the main text) yields an averaged tilt angle of 10◦±8◦, which is in good

agreement with our structure solution from XRD. We note that in a previous study the molecular

orientation of PFP multi- and monolayers on Ag(111) were likewise analyzed [13]. In that case, we

found averaged tilt angles of 11◦±6◦ (multilayer) and 8◦±6◦ (monolayer); the larger error margin

in the present study is due to the necessary correction of substrate contributions, as outlined in

the main text.
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G. Raman spectroscopy on PFP/HOPG

FIG. S8. Typical lattice phonon Raman spectra of a 30 nm PFP film on HOPG (lower trace)

compared to that of the PFP single-crystal (upper trace). Optical microscopy images of the

respective samples are shown on the right.

Fig. S8 depicts lattice-phonon Raman spectra of a nominally 30 nm thick PFP film and of a

(prism-like) single crystal of PFP as reference. Raman spectroscopy directly probes inter-molecular

modes, i.e., collective translational or rotational motions of the molecules in the unit cell. Such

modes, which produce Raman shifts in the wavenumber range of ≈ 10 − 150 cm−1, are highly

sensitive to changes in the molecular packing.

The central point emerging from our Raman analysis is that we clearly observe two different

spectra below 150 cm−1, which indicates two different lattice structures occurring in the thin film

on HOPG and in the single crystal. The intense peak at ≈180 cm−1, instead, is persistent in both

structures, as it is a molecular vibration and not a lattice mode.
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An interesting observation is that the phonon spectrum of single crystalline PFP is significantly

weaker than that of the 30 nm film. This is not due to the different laser line used, as under the

very same conditions, in fact, pentacene crystals show a much more intense signal. Therefore, the

spectrum is intrinsically weak, which is especially true for the peak at lowermost wave number,

the eigenvector of which describes librations about the axis with the largest moment of inertia (i.e.

the axis perpendicular to the molecular plane). This mode is the most prominent feature in the

spectral profile of the film and is strikingly stronger than its corresponding lattice phonon in the

single crystal spectrum. Fully in-line with our findings from XRD and NEXAFS, the flat-lying

molecular orientation of the PFP molecules on HOPG explains the large intensity of this mode,

which is polarized within the molecular plane.

Experimental details. For Raman spectroscopy on PFP/HOPG, a film of nominally 30 nm

PFP and PFP single-crystals as reference (source powder as received from the manufacturer) were

investigated with an optical microscope (Olympus BX40) interfaced to a Horiba-Jobin Yvon T64000

Raman spectrometer (50× or 100× objectives), which allowed obtaining a spatial resolution of

≈1 µm and a theoretical field depth ranging from ≈7 to 25 µm. The laser excitation wavelengths

(krypton laser) were 752.5 and 676.4 nm for the single-crystal and the thin film measurements,

respectively. The incoming power was reduced with a neutral filter of sufficient optical density to

prevent sample damage. For more details on the spectroscopic characterization see Ref. [16].
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III. METHODOLOGICAL REMARKS

A. X-ray diffraction geometries
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FIG. S9. Illustration of the main experimental geometries for X-ray diffraction (XRD) used in

this work; ki and kf are the wave vectors of the incident and the diffracted beam, respectively.

q denotes the scattering vector, qxy and qz its parallel and vertical components for specular XRD

(red vectors) and grazing-incidence X-ray diffraction (GIXRD, blue vectors). The uncolored regions

of the half-sphere of radius 2ki are experimentally accessible in these geometries, whereas the yellow

half-spheres (Laue-zones, radius ki) are not. Points with indices hkl denote reciprocal lattice points

of a given crystal structure that are accessible (black) or inaccessible (white) at the given sample

orientation. Specular scans (Fig. 1b of the main text) are performed with qz varying along the

z-axis through symmetrically increasing Θ for ki and kf . In contrast, GIXRD-scans are performed

at fixed incident angle αi and the diffraction intensity is recorded as function of the detector angles

θf and αf , which are transformed into qxy and qz in the representation of a reciprocal space map

(Fig. 1c of the main text). A GIXRD texture-analysis scan (Fig. 3 of the main text) is performed

at fixed values of qxy and qz, that is, at fixed detector angles θf and αf , while rotating the sample

around the texture axis (e.g., the z-axis). For fiber-textured films (also denoted as 2D-powder)

the reciprocal lattice points degenerate to circles around the fiber axis and a reciprocal space map

there contains all accessible information on the crystal structure.

S13



B. GIXRD texture analysis in 2+2 geometry
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FIG. S10. Left: sketch of the experimental 2+2 geometry used for all X-ray diffraction experiments

in this work. The vector ~r points towards the detector at position (δ, ν). The azimuth and elevation

angles in the sample coordinate system are θf and αf . Right: projection of two scattering vectors

onto the sample surface. To determine the correct azimuthal angle between ~q1 and ~q2, that is, to

correctly relate azimuthal scans carried out in GIXRD texture analysis on a 2+2 goniometer [17],

φ has to be realigned by ∆φ (Eq. 3); for further details see Ref. [18].

If azimuthal relationships between two different lattice planes (scattering vectors) are measured

in the 2+2 geometry, it must be considered that the projection of the scattering vector onto the

sample depends on the position of the detector (Fig. S10, left). Let ~r point towards the detector,

which is at position (δ, ν), with its projection ~rxy onto the sample surface; θf and αf are the

azimuth and the elevation angles in the sample coordinate system. To measure the correct azimuth

the rotation angle around the sample-surface normal (φ) has then to be realigned depending on δ

and ν.

In the surface-reference frame, ~q is given as

~q =




cos ν cos δ − cosαi

sin ν

cos ν sin δ + sinαi


 (2)

For each scattering vector the azimuthal angle (θf = ∠(~qxy, ~ex)) in the (x,y)-plane is calculated.

The differences ∆φn relative to θf of the first scattering vector then gives the necessary correction

(Fig. S10, right), i.e. the first experiment defines the zero point of φ on the sample.
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θf1 = arctan

(
q1y
q1x

)
= arctan

(
sin ν1

cos ν1 cos δ1 − 1

)

θfn = arctan

(
qny
qnx

)
arctan

(
sin νn

cos νn cos δn − 1

)

∆φn = θf1 − θfn (3)

Note that above formulas are only valid for point detectors, or, rather, the zero channel of a

one-dimensional detector, as used within this work for the GIXRD texture analysis of PFP on

HOPG.
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C. Relation between the PSP (001) and (00-1) textures

(-1 0 0)30°

a

b

gr
ap

he
ne

 <
10

0>

(0 0 1)

(0 0-1)

a

b

(-11-3 1)

(1-1-1)

(11 3-1)

(1 0 0)

(-1 1 1)

(a) (b)

FIG. S11. (a) Suggested alignment of the PFP molecules with the<100>-directions of the graphene

substrate in the observed (001)-texture of the PSP, as discussed in the main text (red unit cell).

There, the angle between the a-axis and <100> is (almost) exactly 30◦. Likewise, growth in the

(00-1) mirror-texture in laterally separated domains is expected (blue unit cell), which exhibits, by

nature, an identical out-of-plane lattice spacing (i.e., specular diffraction feature). (b) Stereographic

projection in Wulff-net representation of the calculated reflections investigated by GIXRD texture

analysis (Fig. 3b of the main text); analysis performed with the software STEREOPOLE [19].

Despite the triclinic crystal class of the π-stacked polymorph, the reflections of both textures

(almost) coincide and cannot be experimentally resolved at the given peak breadth in azimuthal

angle. Therefore, mirror-texture cannot explain the observation of 12 instead of 6 reflections. Note

that only if the angle between the a-axes of both unit cells depicted in (a) were 30◦ (instead of

60◦), 12 reflections would occur, which then is, however, identical to a molecular alignment with

both the <100> and the <210> directions of graphene, and therefore unlikely, as discussed in the

main text.
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IV. COMPARISON OF THE THREE APPROACHES TO STRUCTURE SOLUTION

Experimental
intensities

Dreiding 
force-field

Crystal-structure
prediction

(a)

(b)

FIG. S12. Comparison of the results of three different approaches to the full structure solution of

the PSP. Left: Solution from force-field calculations on rigid molecules confined in the experimen-

tally determined unit cell using the DREIDING force field [20] (following the calculation strategy

described in detail in Ref. [2]; see methodology section of the main text). Middle: Low-rank

(constrained) solution obtained from crystal-structure prediction methods for the experimentally

determined unit cell (see the related methodology section of the main text). Right: Solution from

a fit of the molecular orientation against the experimental PFP/HOPG intensities (Fig. S1) using

the software package FOX [21]. (a) Top view on the (001)-texture plane. (b) View along the long

molecular axes. All three approaches led to essentially identical results.
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5.8.1 Abstract

Using thermal desorption spectroscopy (TDS) the thermal stability of binary pentacene/
perfluoropentacene (PEN/PFP) thin films has been investigated for various preparation
protocols. Variation of stoichiometry ratio reveals a significantly enhanced thermal stability
in comparison to the single compounds only for films with equimolar stoichiometry. The
stabilization also depends on the preparation method and was found for co-deposition
as well as for multi-stacks and subsequently grown PEN/PFP-stacks but not for stacks
grown in the reversed order. By systemically varying the substrate temperature during
deposition, we prove that the resulting intermixture is caused by a thermally activated
diffusion during film growth and not due to post-deposition diffusion induced upon heating
during TDS measurements. The different extents of thermal stabilization are discussed in
the context of the film morphology studied by means of atomic force microscopy (AFM).
For complementary information, optical absorption spectra of the heterostructures are
analyzed, where the arisal of new absorption bands and the extinction of excitonic bands
existing in the pure compounds are identified as decisive criteria to judge the efficiency of
intermixture.

5.8.2 Methods

Atomic Force Microscopy, Organic Molecular Beam Deposition, Thermal Desorption
Spectroscopy, UV/Vis Spectroscopy, X-Ray Diffraction
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Thermally activated intermixture in pentacene-perfluoropentacene
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(Received 18 December 2012; accepted 26 February 2013; published online 18 March 2013)

Using thermal desorption spectroscopy (TDS) the thermal stability of binary pen-
tacene/perfluoropentacene (PEN/PFP) thin films has been investigated for various preparation
protocols. Variation of stoichiometry ratio reveals a significantly enhanced thermal stability in com-
parison to the single compounds only for films with equimolar stoichiometry. The stabilization also
depends on the preparation method and was found for co-deposition as well as for multi-stacks and
subsequently grown PEN/PFP-stacks but not for stacks grown in the reversed order. By systemically
varying the substrate temperature during deposition, we prove that the resulting intermixture is
caused by a thermally activated diffusion during film growth and not due to post-deposition diffusion
induced upon heating during TDS measurements. The different extents of thermal stabilization
are discussed in the context of the film morphology studied by means of atomic force microscopy
(AFM). For complementary information, optical absorption spectra of the heterostructures are
analyzed, where the arisal of new absorption bands and the extinction of excitonic bands existing
in the pure compounds are identified as decisive criteria to judge the efficiency of intermixture.
© 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4795004]

I. INTRODUCTION

Cocrystallization of different molecules is an interesting
approach to tune physical properties of the target materials.
In pharmaceutical industry, for example, cocrystals of active
components of drugs allow to improve certain properties such
as solubility or ease of formulation without altering the in-
herent physiological effects of the key ingredients.1, 2 On the
other hand, when properties emerge not just from the activity
of individual molecules but from their collective arrangement,
cocrystallization allows for engineering of materials with new
electronic functionalities which is of particular interest for
applications in organic electronics.3 Striking examples are
molecular charge transfer salts such as TTF/TCNQ which ex-
hibit strong intermolecular electronic coupling.4 This causes
not only a substantial thermal stabilization of the mixed crys-
tal compared to the respective single compounds but also
results in high room temperature conductivity as well as the
appearance of Peierls transitions at low temperature.5 De-
pending on the chemical structure of the molecular entities the
cocrystals are stabilized by various types of interaction rang-
ing from strong Coulomb forces in case of partial ionization,
over hydrogen bonds to weak van der Waals forces which in
each case reveal characteristic interaction distances.6 Of par-
ticular interest in the field of organic semiconducting materi-
als is a face-to-face stacking of aromatic molecules in order to
improve the overlap of π -orbitals and to achieve an efficient
charge transport.7 One successful approach along this direc-
tion has been demonstrated by cocrystallization of molecular
semiconductors with bifunctional molecules acting as cocrys-

a)Electronic mail: gregor.witte@physik.uni-marburg.de

tal former which are stabilized by hydrogen bonds and result
in an improved π -stacking.8

Another type of interaction occurs between π -conjugated
molecules and their perfluorinated analogs since fluorination
causes an inversion of the quadrupole moment which in turn
favors a coplanar stacking.9, 10 The resulting thermal stabiliza-
tion has been demonstrated for small acenes, such as ben-
zene and naphthalene, where melting points of equimolar
cocrystals with the belonging fluorinated acenes increase by
19 K and 55 K, respectively.11, 12 Comparing the intermolecu-
lar distances occurring in naphthalene/octafluoronaphthalene
cocrystals with that in pure napthalene crystals13 suggests
that the coplanar stacking in cocrystals is not brought about
by hydrogen bonds but is due to quadrupolar coupling.
Though being interesting model systems the small acenes are
not qualified for device applications because of their large
HOMO-LUMO band gap and high vapor pressure which
limits their handling to low temperatures. By contrast, the
larger pentacene (PEN, C22H14) and its perfluorinated sibling
perfuoropentacene (PFP, C22F14) are well known organic
semiconductors exhibiting excellent p- and n-type charge car-
rier mobilities, respectively.14, 15 Therefore, a well-directed
cocrystallization of both materials appears to be promising
for the realization of bipolar organic transistors. This system
is additionally favored by the structural compatibility of both
almost equally sized molecules which exhibit similar crys-
tal structures and lattice energies in their pure phases.16–18

Although evidence for local cocrystalline ordering has been
observed in XRD data of co-evaporated PEN/PFP films19, 20

and the formation of charge transfer (CT) excitons was found
in the optical absorption spectra of the binary films reflect-
ing strong intermolecular electronic coupling,21, 22 a complete
structural analysis of the cocrystalline phase has not yet been

0021-9606/2013/138(11)/114901/10/$30.00 © 2013 American Institute of Physics138, 114901-1
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possible. One reason is the very poor solubility of extended
acenes which strongly decreases with the number of aromatic
rings and thus hampers the cocrystallization from solution
like in the case of naphthalene/octafluoronaphthalene.12, 23

Also a crystallization from melting phase is not feasible be-
cause of thermal disintegration of such extended acenes at ele-
vated temperatures,24 and instead requires evaporation of both
molecular compounds.

Though this allows the fabrication of binary organic films
with preset nominal stoichiometry, an achievement of de-
sired crystalline ordering is even more complex. For example
(spatial) inhomogeneities of the relative stoichiometry upon
codeposition may lead to phase separation of both molecu-
lar components.3 Even if intermixture is energetically favored
according to consideration of the free energy of solid solu-
tions, the formation of molecular cocrystals requires besides
a positional ordering also orientational and if applicable con-
formational ordering.25 In order to achieve a solid intermix-
ture the ordering process requires a sufficient diffusivity of the
molecular entities which is controlled by the substrate tem-
perature. Especially in the case of acenes with distinct shape
anisotropy, interdiffusion is a thermally activated process so
that the extent of intermixture26 in binary films is expected
to depend sensitively on the growth conditions. On the other
hand with increasing substrate temperature the vapor pressure
of molecular solids increases and eventually leads to a com-
peting sublimation. Therefore, a precise knowledge of the ac-
cessible temperature range for thermally induced ordering of
mixed films is of key interest.

In this study we have analyzed the stabilization of bi-
nary PEN/PFP films grown on SiO2. Using thermal desorp-
tion spectroscopy (TDS) we were able to identify a mixed
phase that is thermally stabilized compared to the respective
pure phases. To monitor the thermally activated interdiffu-
sion within the binary films and to distinguish between in-
terdiffusion during film growth and upon subsequent heat-
ing (post-deposition diffusion), films were also prepared at
different substrate temperatures. Since both molecules grow
with upright orientation on SiO2 and exhibit rather similar in-
terlayer spacings,27, 28 a refined structural characterization by
out-of-plane XRD diffraction is hampered. Therefore, optical
absorption spectroscopy was utilized to monitor the appear-
ance of the CT-exciton state in order to complementary char-
acterize the degree of intermixture while the resulting mor-
phology was analyzed by means of atomic force microscopy
(AFM). Moreover, since previous studies have shown that the
morphology and roughness of such binary films depend on
the order of evaporation and the stoichiometry ratio of both
molecules,27 systematic measurements were carried out for
films prepared differently either by evaporation of alternating
stacks, multistacks or co-evaporation.

II. EXPERIMENTAL

All PFP (Kanto Denka Kogoyo Co. LTD, purity ≥ 99%)
and PEN (Sigma Aldrich, purity ≥ 99.9%) films were grown
under ultrahigh-vacuum (UHV) conditions by organic molec-
ular beam deposition from an aluminum crucible of a resis-
tively heated Knudsen cell at deposition rates of 8 Å/min,29

monitored by quartz crystal microbalance (QCM). For ther-
mal desorption spectroscopy (TDS) measurements and mor-
phological studies films were grown onto SiO2 substrates
which were prepared by rinsing in ethanol and acetone, fol-
lowed by heating in UHV to 500 K for 30 min. Additionally,
thin films of 30 nm thickness of the single compounds (60 nm
in total) were grown onto glass microscope slides in order to
perform optical transmission absorption spectroscopy. If not
otherwise stated all samples were prepared at a temperature
of 330 K to enhance the smoothness and crystalline size of
the thin films and simultaneously prevent decreasing sticking
coefficients.30 The thermal stability of the various films was
characterized by TDS, using a quadropole mass spectrome-
ter (Balzer QMG 220) with a Feulner cup positioned close
to the sample surface. The spectra were acquired by record-
ing the mass signal of the double-charged PFP molecule ion
(M++, m/z = 265 amu) and the single-charged PEN molecule
ion (M+, m/z = 278 amu) during a computer-controlled lin-
ear increase of the substrate temperature from 300 to 500 K
with a heating rate of β = 0.5 K/s. To provide reliable tem-
perature measurements, a K-type thermocouple was attached
directly to the sample surface. Due to the detection of dif-
ferently charged molecule ions of both molecular materials,
the ion signals of PEN and PFP cannot be compared di-
rectly. To account for these differences in absolute signal in-
tensity and at the same time allow adequate visualization,
the signals were scaled such that PEN films exhibit twice
the intensity as PFP films of equivalent thickness, except for
the comparison of single compound spectra (Figs. 1(a) and
1(b)), where for both compounds the same intensity scale was
applied. The film morphology was characterized by atomic
force microscopy (AFM, Agilent SPM 5500) operated in
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FIG. 1. Series of thermal desorption spectra of unitary and stacked PEN and
PFP films grown on SiO2: (a) pure PEN and (b) pure PFP films of different
thickness, stacks of (c) 10 nm PFP grown onto 10 nm PEN and (d) 10 nm PEN
grown onto 10 nm PFP. Black and green curves denote the mass signal of the
single-charged PEN molecule ion (m/z = 278 amu) and double-charged PFP
molecule ion (m/z = 265 amu), respectively.
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tapping mode at ambient conditions. A UV/Vis spectropho-
tometer (Agilent 8453) was utilized to characterize the optical
properties of the films. The crystalline orientation of selected
samples was determined from XRD data acquired with a
diffractometer (Panalytical XPert Pro) using Cu Kα radiation
(λ = 1.54056 Å) and a PiXcel detector (results presented in
the supplementary material41).

III. RESULTS

A. Stacked layers

1. Thermal stability

To provide reference data for the thermal stability of PEN
and PFP films, at first TD-spectra of the respective pure com-
ponents were recorded. As depicted in Figs. 1(a) and 1(b),
each of these films exhibits one prominent desorption peak
of which intensity increases with film thickness, hence re-
flecting multilayer desorption.31 Unlike the case of organic
films grown on metals no further, monolayer-related desorp-
tion signal occurs on the inert SiO2 surface. According to the
zeroth-order kinetics of multilayer desorption the mass signal
increases exponentially with temperature and reveals a sud-
den drop upon completed film desorption. Consequently, the
temperature of this tearing edge increases with film thickness
while the ascending peak flank remains constant. Though sub-
limation enthalpies can be obtained from a quantitative lead-
ing edge analysis of the multilayer desorption signals, this ap-
proach is, however, hampered in the presence of overlapping
peaks (which have been observed for mixed films as discussed
below). Therefore, we have used the temperatures of the tear-
ing edges of films with known thickness to enable a qualitative
comparison of the thermal stability of mixed and pure films.
To ensure precise temperature measurements and avoid inac-
curacies due to poor thermocouple contacts, the TD measure-
ments were carried out on the identical sample and transfer-
ring between individual preparations and measurements was
obviated as far as possible.32 Note that this is made possi-
ble by a residue-free desorption of multilayers yielding clean
SiO2 surfaces after heating. Ex situ AFM measurements em-
ploying shadow masks yield an accuracy of the film thick-
ness determination by means of QCM of better than ±1 nm
while the temperature of tearing edges of nominal identical
film compositions are reproducible within of ±2 K in re-
peated film preparations. Comparing the TD-spectra of pure
PEN and PFP films clearly reveals an increase of the position
of the tearing edge, TE, with film thickness but also a some-
what larger thermal stability for PFP (d = 0.5 nm: TE(PEN)
= 394 K and TE(PFP) = 402 K, d = 20 nm: TE(PEN)
= 424 K and TE(PFP) = 434 K) which might be attributed
to the larger mass of PFP.

Next we have analyzed the TD-spectra of sequentially
deposited stacks. Note that these stacks can be produced in
a different manner: either by deposition of PFP on top of a
PEN layer (PFP/PEN) or vice versa (PEN/PFP). The belong-
ing TD-spectra of such binary stacks consisting in each case
of 10 nm layers of both molecular materials are depicted in
Figs. 1(c) and 1(d). For the PFP/PEN-stack only one PEN
desorption peak (denoted as α) is found. Its tearing edge ap-

pears shifted towards higher temperatures by about 10 K com-
pared to a pure PEN film of same thickness (indicated by
blue dashed line). This stabilization might be related to a cap-
ping effect due to the PFP adlayer which effectively reduces
the evaporization of PEN. Such an effect has been reported
previously for diindenoperylene films encapsulated by sput-
tered aluminum oxide layers.33 By contrast, the peak maxi-
mum of the simultaneously measured PFP desorption signal
(denoted as β) appears at a distinctly lower temperature than a
pure film of same thickness (indicated by red dashed line). A
closer inspection reveals, however, an additional weak shoul-
der (denoted as β2) at the same temperature as the PEN sig-
nal. This indicates the presence of two different desorption
channels: One which represents desorption of a pure molecu-
lar film that is not influenced by the presence of the different
compound and a hetero-peak with enhanced thermal stabil-
ity, caused by intermixture and mutual interaction between
both compounds. The lower desorption temperature of peak
β compared to the pure PFP film of 10 nm thickness thus
indicates that only a small fraction of PFP molecules is stabi-
lized by an intermixture which effectively reduces the appar-
ent film thickness of the non-stabilized, pure capping layer.
Interestingly, this effect is even more pronounced for stacks
that are grown in the reverse order, i.e., PEN/PFP. In that
case both mass signals exhibit two desorption peaks as de-
picted in Fig. 1(d). Again we attribute the lower temperature
peaks to desorption of non-mixed, single-component regions
that appear as films with reduced effective thicknesses, while
the dominating higher temperature peaks (α2 and β2) occur
at the same elevated temperature, hence reflecting a mutual
stabilization. This results clearly show that the resulting sta-
bilization depends critically on the order of deposition which
can be related to the film morphology presented below. From
the intensity ratio of both PEN desorption peaks (α1 and α2)
and the position of the tearing edge of the first peak, an effec-
tive thickness of the non-stabilized fraction of the PEN film
of about 2.5 nm can be estimated.

To study the influence of the top-layer thickness on the
extension of the stabilization zone, additional TDS measure-
ments were carried out for PEN/PFP stacks with different
PEN adlayer thicknesses grown on a 10 nm PFP bottom-
layer. Figure 2 compares the corresponding TD-spectra of
such stacks with increasing PEN thickness ranging from 5
nm to 20 nm. Clearly, the fraction of the stabilized phase de-
pends on the thickness of the top layer. In case of the 5 nm
PEN adlayer only a small fraction of PEN exhibits pure-phase
desorption (α1) while the major part desorbs stabilized (α2).
This finding is reversed in case of a 20 nm adlayer, resulting
in a dominating desorption signal of a non-stabilized phase,
which exhibits only a shoulder due to desorption of the stabi-
lized phase. A quantitative inspection of Fig. 2(b) yields for
the desorption peaks of both PEN phases (α1 and α2) a ra-
tio of about 1:3 which suggests an extension of the stabilized
PEN zone of about 7 nm. For the 20 nm PEN toplayer the po-
sition of the tearing edge of the stabilized PEN phase (α2) is
identical to that of a 10 nm toplayer, suggesting that an equiv-
alent number of layers had intermixed. This is further corrob-
orated by the ratio of the desorption signals of the stabilized
and non-stabilized peaks which indicates that about 1/3 of the
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FIG. 2. Series of TD-spectra of PEN/PFP stacks consisting of (a) 5 nm,
(b) 10 nm, and (c) 20 nm PEN films deposited onto 10 nm PFP.

PEN toplayer has been stabilized by interdiffusion thus lead-
ing to the conclusion that the interdiffusion zone amounts to
about 6–7 nm at 330 K.

In a further step, the influence of substrate temperature
during deposition on the thermal stabilization of PEN/PFP
stacks was studied by preparing equivalent stacks at sam-
ple temperatures ranging from 240 K to 330 K. Correspond-
ing TD-spectra that are summarized in Fig. 3 reveal no ther-
mal stabilization for samples prepared at temperatures below
285 K, where only one desorption peak like in the case of
pure films was found. At a growth temperature of 285 K, a
small shoulder appears in both mass signals, indicating the
beginning of the formation of a stabilized mixed phase. With
further increasing growth temperature the intensity of this
shoulder rises and develops as intense peaks (α2, β2), reach-
ing their maximum at a growth temperature of 330 K. Larger
substrate temperatures have not been put into practice be-
cause the sticking coefficients were found to decrease signifi-
cantly at elevated temperature which hampers the preparation
of films with defined thickness.

Though the results of Fig. 3 indicate that stabilization by
interdiffusion is a thermally activated process that occurs dur-
ing growth and not upon heating during the TDS measure-
ments, one has to consider that films grown at low temper-
ature are also less crystalline (or even amorphous at suffi-
cient low temperatures34). Therefore, rather disordered bot-
tom layers might hinder effective interdiffusion of pentacene
into the PFP layer. In order to distinguish, whether primar-
ily the reduced molecular ordering of the bottom layer or the
low mobility of impinging molecules avoids an efficient in-
terdiffusion, we have expanded our study by two further ex-
periments. In the first one, the PFP bottom-layer was grown at
elevated temperature (330 K) to provide long range crystalline
ordering, but the subsequent PEN deposition was performed
at 270 K. Complementary, an initial PFP layer was deposited
at 270 K, yielding a rather disordered layer, while the fol-
lowing PEN deposition was performed at 330 K. As shown
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FIG. 3. Series of TD-spectra of PEN/PFP stacks (10 nm PEN on 10 nm
PFP) that were grown at different substrate temperatures ranging between
(a) 240 K and (e) 330 K.

in Fig. 4, the deposition of PEN at low temperature onto a
crystalline PFP-film yields no stabilization and resembles the
situation where both layers are grown at low temperature. By
contrast, a distinct stabilization is found when the PEN top-
layer is grown at elevated temperature onto a disordered PFP
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FIG. 4. TD-Spectra of PEN/PFP stacks (10 nm PEN on 10 nm PFP) with
individual layers grown at different substrate temperatures: (a) both films de-
posited at T = 270 K, (b) bottom PFP film deposited at T = 330 K and PEN
adlayer grown at T = 270 K, (c) bottom PFP film deposited at T = 270 K and
PEN adlayer grown at T = 330 K. The shaded peak superimposed in panels
(b) and (c) represents the PEN desorption signal of spectrum (a).
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FIG. 5. Summary of AFM micrographs showing the morphology of different molecular films: (a) 10 nm PFP, (b) 10 nm PEN, (c) 2 nm PEN/10 nm PFP,
(d) 10 nm PEN/10 nm PFP, (e) 2 nm PFP/10 nm PEN, and (f) 10 nm PFP/10 nm PEN together with corresponding linescans (bottom panels).

film (cf. Fig. 4(c)). Therefore, we conclude that the temper-
ature upon growth of the top layer is the key parameter for
efficient intermixture.

2. Morphology

To study the morphology of the different intermixed lay-
ers, AFM measurements were employed. Figure 5 presents a
comparison of the morphology of pure PFP and PEN films
and different subsequent stacks. Pure PFP films with 10 nm
thickness consist of isotropically distributed spicular crystal-
lites with typical lengths of several microns. As demonstrated
in previous studies,30, 35 the PFP-molecules adopt an upright
orientation. This finding is confirmed by height measurements
of monomolecular steps, that are determined as 1.5 nm, which
is in agreement with the d-spacing of the (100)-plane. Pure
pentacene deposited on SiO2 on the other hand crystallizes in
pyramidal islands, again exhibiting molecular steps of 1.5 nm
which can be attributed to upright molecular growth.34

Figures 5(c) and 5(d) show the morphology of subse-
quent stacks of 2 nm, respectively 10 nm pentacene deposited
on top of 10 nm PFP. Clearly, the deposition of 10 nm PEN
on top of PFP yields enhanced individual crystallite size and
smoothness compared to the earlier growth stage. The mor-
phology of the thickness-equivalent stack corresponds nicely
to the morphology of pure pentacene: Rather pyramidal is-
lands with monomolecular steps that amount to the d(001)-
spacing of pentacene are found.36

By contrast, the stacks with PFP on top (Figs. 5(e) and
5(f)) exhibit spicular islands which also exhibit characteristic
monomolecular steps that equal the PFP-d(100)-spacing, thus
representing upright molecular growth, like in the pure PFP
phase. This finding agrees with previous studies where the ori-
entation and structure of subsequent PFP/PEN and PEN/PFP
stacks were analyzed by means of X-ray diffraction28 and our
own XRD measurements.41

Consequently, the growth of PEN and PFP on each
other mostly equals their individual growth, thus no crystallo-
graphic or morphological changes are induced in rather thick
films of 10 nm during deposition. However, there is one inter-
esting difference between both stacked systems. While PFP
exhibits comparably high roughness when grown on PEN,
the reverse stack is clearly smoother, as the PEN molecules
fill the trenches between the PFP crystallites. This smooth-
ing effect of PEN on PFP has already been observed before
by means of X-ray reflectivity measurements and results in
reduced PEN roughness compared to individual PEN growth,
even in thicker films.27 Clearly, this smoothing and gap-filling
results in an enhanced effective interdiffusion zone of PEN
and PFP molecules and might therefore explain the asymme-
try of thermal stabilization in the stacks deposited in reverse
sequence, where PEN/PFP stacks were found to be strongly
thermally stabilized, while PFP/PEN-stacks hardly showed
any stabilization (cf. Figs. 1(c) and 1(d)).

B. Intermixed stacks

While in Sec. III A the structural and thermal proper-
ties of subsequently grown stacks of PEN and PFP were de-
scribed, the focus will now be set on heterostructures prepared
differently either by multi-stacks, co-evaporation or by selec-
tive annealing of subsequent stacks. Multi-stacks are stacks
which do not consist of only one layer of each, but are pre-
pared by repeated alternating deposition of thin layers of both
compounds. The discussed multi-stacks have been produced
by deposition of 1 nm layers of the individual molecules up
to a cumulative thickness of 10 nm for each compound (i.e.,
20 nm in total). Co-evaporated thin films are produced by set-
ting constant and stoichiometrically equal deposition rates for
both Knudsen cells and thus potentially allow interdiffusion
at the molecular level immediately during arrival at the sam-
ple surface. Our final preparation method for heterostructures
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was the annealing of subsequent PEN/PFP stacks of 10 nm
thickness for each compound. In this case, a thermally acti-
vated interdiffusion of the layers is expected.

1. Thermal stability

As shown in Fig. 6(a) the preparation of the multi-stack
leads to a stabilized intermixture of PFP and PEN, resulting
in a multilayer-desorption peak with tearing edge at 435 K.
A similar situation is found in the case of a co-evaporated
PEN/PFP film (Fig. 6(b)). The tearing edge appears again at
about 435 K. In this case, however, a small signal ascribed to
non-intermixed pentacene desorption (α1) is observed, which
is due to slight deviations from an ideal 1:1 stoichiometry dur-
ing deposition (from the integrals of both mass signals a pen-
tacene surplus of 10 % can be estimated).

Finally, Fig. 6(e) shows the TD-spectra of an annealed
stack. For comparison, Fig. 6(c) (same data as Fig. 1(d)) again
shows a TD-spectrum of a 10 nm PEN/10 nm PFP stack pre-
pared at 330 K. Subsequently, an equal layer was prepared,
but heated (β = 0.5 K/s) only to 405 K to selectively des-
orb the non-intermixed PEN and PFP molecules, leaving only
the intermixed phase behind. Figure 6(d) shows the corre-
sponding QMS signal recorded during annealing, where an
ascending signal occurred, belonging to the desorption of sin-
gle PEN/PFP. Note that also during cool-down initially some
desorption occurs due to the remaining heat of the sample. To
verify the success of this approach to prepare an intermixed-
phase only, a complete TDS run was performed after complete
cool-down of the sample. As depicted in Fig. 6(e), indeed only
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FIG. 6. TD-spectra of differently prepared heterostructures of PEN and PFP.
(a) multi-stack of PEN and PFP (10 nm of each, evaporated in 1 nm layers),
(b) co-evaporation (20 nm in total with stoichiometrically equivalent amounts
of PEN and PFP), and (c)–(e) annealing of 10 nm PEN/10 nm PFP stack
(see text).

the stabilized phase is detected, which shows the success of
this approach.

2. Morphology

To find out possible correlation between thermal stabil-
ity and morphology of the differently prepared PEN/PFP het-
erostructures, additional AFM scans were performed for the
various mixed films. As shown in Fig. 7(a), the heterostruc-
ture prepared by co-evaporation consists of small spicular
islands, which is in quite good agreement with the results
from previous studies.19, 20 The other preparation methods, the
multi-stack, the annealed stack, and—additionally to the TDS
measurements—an annealed multi-stack, led to quite com-
parable results. Comparing the roughness of the individual
films, the lowest values (rms 3.7 nm and 3.6 nm, respec-
tively) are found for the coevaporated heterostructure and
the non-annealed multi-stack while the observed values for
the other preparation methods yield values greater than 6.5
nm. Interestingly, the morphology of the annealed subsequent
PEN/PFP stack (Fig. 7(c)) is clearly different from the mor-
phology before annealing (cf. Fig. 5(d)), hence proving film-
evolution due to annealing. Heating of the multistack does not
change the morphology significantly (Fig. 7(d)), except from
increasing the film roughness.
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FIG. 7. Summary of AFM micrographs showing the morphology of different
molecular films: (a) co-evaporation (20 nm in total with stoichiometrically
equivalent amounts of PEN and PFP), (b) 10 nm PEN, 10 nm PFP multi-
stack (1 nm per evaporation), (c) annealed 10 nm PEN/10 nm PFP-stack, and
(d) annealed multi-stack together with corresponding linescans.
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FIG. 8. Optical absorption spectra of differently prepared heterostructures of
PEN and PFP with total thicknesses of 60 nm on glass substrates compared
to reference spectra of single compounds: (a) pure PFP, (b) pure PEN, (c)
PEN deposited on PFP at 330 K, (d) multi-stack deposited at 330 K, and
(e)–(g) co-evaporation at 225 K/270 K/330 K. For samples (c)–(g) equivalent
amounts of PFP and PEN were deposited.

C. Optical properties

To find about the efficiency of intermixture in the pre-
pared stacks, their optical absorption spectra have been
analyzed.37 In the case of intermixed PEN:PFP layers the re-
sulting optical signature significantly differs from a superpo-
sition of the single compound spectra. Especially, in previ-
ous studies a new absorption band at lower energies (1.55
eV) was observed, which was attributed to an excitation of a
charge-transfer (CT) exciton in intermixed PEN:PFP layers.21

By contrast, in the case of phase-separation, the optical spec-
trum of stacked films is expected to be a perfect superposition
of the single compound spectra.28

Figure 8 compares the optical absorption spectra of pure
PFP and PEN films and their heterostructures deposited onto
glass substrates. Our XRD measurements show that the differ-
ently prepared thin films essentially adopt an upright molec-
ular orientations in all cases, both, on SiO2 and on glass
substrates.41 We note, however, that the absence of diffrac-
tion peaks corresponding to recumbent molecular orientations
does not neccessarily exclude small remaining areas with de-
viant orientation as amorphous regions may exist. The spec-
tra of the pure films are in agreement with previous reports.38

The resonances at 1.86 eV and 1.97 eV (PEN) and 1.75 eV
(PFP) are attributed to excitonic states39 and exhibit the high-
est intensity when the molecules are in upright orientation,40

while the peaks at 2.12 eV (PEN) and 1.98 eV (PFP) corre-
spond to the HOMO-LUMO transitions. Analyzing the spec-
tra of subsequently deposited stacks (PEN/PFP see Fig. 8(c)
, PFP/PEN see the supplementary material41) shows that the
optical signatures of these heterostructures are mainly super-
positions of the PEN and PFP spectra. Only the PEN/PFP

stack grown at 330 K (Fig. 8(c)) shows a small, but distinct
excitation due to the charge transfer exciton at 1.55 eV, thus
indicating interaction of both compounds to some extent. By
contrast, the preparation of a similar stack at lower temper-
ature (270 K) reveals no excitation of the CT exciton in the
optical absorption spectra (see the supplementary material41)
which suggests that the reduced molecular diffusion hampers
intermixture. The optical spectrum of a multi-layered stack
exhibits a more pronounced CT-exciton peak than the subse-
quent stack, but in other respect resembles the superposition
of both single compound spectra quite well. This shows that
still noticeable amounts of phase-separated molecules remain.
Note that phase-separation does not necessarily mean separa-
tion of both compounds on a large length scale. Contrary—as
very likely in the case of multi-layered stacks—the pure com-
pounds may also form small aggregates of one another which
are able to intermix if sufficient thermal energy is provided,
as during the TDS measurements.

As presented in Figs. 8(e)–8(g), co-deposition of both
compounds in equimolar ratios yields clearly different signa-
tures than subsequent stacks. Independent of deposition tem-
perature, the charge-transfer exciton is observed. Surprisingly,
the highest intensity of this related absorption is observed for
the co-deposition at 270 K. Furthermore, the exciton peak
of PFP at 1.74 eV completely disappears, again independent
from deposition temperature. The energetically second-lowest
peak is found at 1.92 eV which is slightly different from the
first Davydov-component of the PEN-exciton peak (1.86 eV).
We note that for all co-depositions a single peak at 2.72 eV
is found, which we attribute to molecules in lying configura-
tion, as in pure PFP films (cf. Fig. 9, lower panel). The highest
intensity of this peak is observed for the co-evaporation de-
posited at low temperature (270 K). Note that the co-existence
of molecules in standing and lying configuration in PEN:PFP
co-deposited films has been reported before.20 In this case
however, a vibrational progression is not observed, represent-
ing a distorted vicinity of the PFP molecules and therefore
modified vibrational properties.

To study the appearance and absence of the PFP exci-
ton peak in more detail, two further samples with deviant
composition were prepared. While the sample with PFP ex-
cess (2:1) yields a strong signal of the excitonic excitation,
co-depositon with PEN excess (2:1) again does not show the
corresponding peak (see the supplementary material41). Our
data clearly show that the PFP-exciton peak occurs in pure
PFP phases only. This means that it only appears if either the
stoichiometry is non-equal or the deposition conditions (e.g.,
non-constant deposition rates, inhomogeneous sample expo-
sure or subsequent deposition) do not allow homogeneous in-
termixture and therefore provides a decisive criterion. Con-
sequently, one must consider both signals, the appearance of
the charge-transfer exciton and the disappearance of the PFP
exciton peak, if the efficiency of intermixture shall be judged.

IV. DISCUSSION

The present analysis of differently prepared heterostruc-
tures of perfluoropentacene and pentacene on SiO2 clearly
shows a thermal stabilization of well mixed binary films
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FIG. 9. Simplified schematical representations of different growth scenarios occurring for binary PEN/PFP films at low and elevated temperatures.

yielding an upward shift of the tearing edge in the TD-spectra
of about 20 K compared to the pure compounds for a film
thickness of 10 nm. Interestingly, this stabilization does not
only occur in the case of co-evaporation, but even in subse-
quently grown stacks, which shows that the interface between
both compounds is not rigid, but allows interdiffusion and re-
sulting stabilization. However, the intermixture of both com-
pounds depends on the succession of material deposition and
especially is related to the surface roughness of the bottom
layer. A stacked layer with perfluoropentacene deposited on
top of pentacene hardly exhibits any intermixture, but only de-
layed desorption of pentacene compared to unitary pentacene
films, which results from capping by a perfluoropentacene
top-layer. By contrast, the reverse stack exhibits intermixture
of both compounds, yielding enhanced thermal stability of
the layer. Associated AFM measurements as well as the non-
symmetric effect of smoothing in PEN/PFP/SiO2 stacks in-
dicate, that the rough surface of the PFP bottom layer yields
a large contact area of the PEN/PFP interfaces and therefore
provides efficient interdiffusion.

The quantitative analysis of the relative intensity of the
different desorption channels (αi and β i peaks) for different
top layer thicknesses allows to compare the fraction of stabi-
lized regions and shows that the intermixture zone is limited
to about 6–7 nm layers upon deposition at 330 K. Therefore,
the approach of preparing PEN/PFP intermixtures by diffu-
sion of subsequently grown stacks is limited to thin individual
layers.

Variation of substrate temperatures during deposition of
subsequently grown PEN/PFP stacks showed that efficient
interdiffusion requires adequate deposition temperatures, so
that no thermal stabilization occurs for stacks prepared below
285 K. The most efficient intermixture is achieved at a tem-
perature of 330 K. Furthermore, analyses of stacks prepared
at different substrate temperatures during deposition of both
compounds identified the diffusion upon growth of the upper
layer as the key parameter. Compared to the heterostructure of
naphtalene and perfluoronaphtalene, a higher energetic stabi-
lization is expected in the case of pentacene and perfluoropen-

tacene due to larger expansion of the molecules and therefore
enhanced contact area. On the other hand, a larger activation
energy is required to achieve order within the heterostructure
so that crystalline intermixtures of rather shape anisotropic
molecules are more difficult to prepare.

More sophisticated approaches to prepare mixtures of
pentacene and perfluoropentacene, like co-evaporation, multi-
stacks and annealing of stacks yield spectra which exhibit
larger fractions of the stabilized phase compared to the
stacked layer systems. Moreover, they prove that the forma-
tion of a stabilized phase requires an exact stoichiometry rela-
tion of PFP and PEN of 1:1, since possible excess of one com-
pound leads to desorption peaks of the non-stabilized phase
(α1 and β1). On the other hand, this finding allows promis-
ing routes to prepare very defined and exact equimolar het-
erostructures of perfluoropentacene and pentacene, because
difficulties in setting exactly equal deposition rates might
hamper the preparation of equimolar heterostructures in other
preparation methods, like growth from solution.

The analyses of optical absorption spectra are in good
agreement with these findings: While the subsequent stack
with PFP deposition onto PEN layers does not give indica-
tions for efficient molecular intermixture, the stack deposited
in reverse sequence clearly exhibits a signature in the optical
spectra which is assigned to the charge-transfer exciton, thus
proving intermixture of both compounds. Furthermore, the
rather low intensity of this peak corresponds well to the afore-
mentioned limited extension of intermixture zone as derived
from TDS measurements. Co-deposition and multi-stacks on
the other hand in all cases show distinct signals of the CT-
exciton. However, the appearance of this excitation represents
no decisive criterion of the efficiency of intermixture. Rather,
the PFP pure phase exciton has been shown to disappear in
efficient intermixtures. This finding is consistent with the ex-
pectation that a changed molecular surrounding is known to
influence the exciton binding energy. For example, the exci-
tonic peaks are absent for PFP and PEN molecules dissolved
in dichlorobenzene, representing free molecule spectra.38

We therefore identify the appearance of the CT-related
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absorption peak and the simultaneous disappearance of the
excitonic peaks of the pure compounds as a credible bench-
mark to judge the efficiency of intermixture. Note that this
effect has not been observed in previous studies. On the con-
trary, in the study of Broch et al.21 a significant absorption
peak due to excitation of the PFP exciton was observed for
stoichiometrically equivalent coevaporated films and even in
mixed films with PEN excess. We attribute this discrepancy
to a non-ideal control of the stoichiometry during film prepa-
ration in that work. To ensure the right stoichiometry of films
in our study we have taken particular care to precisely control
the deposition rates by using QCM on the one hand but also
by recording TD-spectra to cross-calibrate the resulting film
thickness otherwise. In total more than 100 TD-spectra and
about 30 optical spectra of different films have been acquired
which assures reproducibility and significance of our data. In
that way an optimized intermixture of binary PEN/PFP films
was achieved, showing rather sharp absorption peaks which
allowed in particular to identify a new optical absorption peak
at 1.91 eV that appears only for well mixed binary films.

Summing up, the optical absorption spectra show clear
signs for molecular intermixture in case of those het-
erostructures which also exhibit thermal stabilization in TDS
measurements (co-depositions and multi-stacks), limited in-
termixture for structures with limited interdiffusion zone
(PEN/PFP stacks deposited at 330 K) and no intermixture for
non-stabilized systems (PFP/PEN, PEN/PFP deposited at 270
K). Furthermore, our results show that due to the observed
interplay of diffusivity, roughness evolution, orientation, and
molecular intermixture a consideration of kinetic growth ef-
fects is required, which hampers the commitment to a unique
preparation method. As a consequence, the discussed prepa-
ration protocols allow to prepare heterostructures with well-
defined characteristics like films with well-defined interfaces
without molecular intermixture (subsequent stacks deposited
at low temperature), layers with exclusive orientation (subse-
quent stacks and multi-stacks) and efficient molecular inter-
mixture without phase-separation (co-evaporation). However,
a unique preparation method which combines exclusive orien-
tation with efficient molecular intermixture has not yet been
found.

V. CONCLUSION

Pursuing the effect of enhanced thermal stability of
equimolar mixtures of benzene and hexafluorobenzene11 as
well as napthalene and octafluoronaphtalene,12 we prove that
also the mixture of pentacene and perfluoropentacene yields
thermally stabilized heterostructures. Because other studies
require exact certainty of the right stoichiometry to depend-
ably isolate the spectroscopic signature of the heterostructure,
the approach of thermodynamically controlled preparation of
equimolar heterostructures promises further, detailed insight
into the coupling of heterostructures of pentacene and per-
fluoropentacene. As molecular heterostructures are of broad
interest and certainly not restricted to the presently studied
model system PEN/PFP, we are convinced that the expansion
of our approach to other systems may help to gain further in-
sight in this field.
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Fig. S1 presents additional UV/Vis absorption spectra of differently prepared thin-films of pentacene-
perfluoropentacene heterostructures. As discussed in the main text, the subsequently deposited stack of pentacene
on top of PFP shows intensity at the energetic position of the charge-transfer exciton (1.55 eV) only if deposited
at a sample temperature of 330 K (Fig. S1 c)), while no absorption occurs when deposited at 270 K (Fig. S1 d)),
which is ascribed to non-sufficient molecular interdiffusion. The opponent stack with PFP on top of PEN (Fig. S1
e)) also shows no significant contribution at this position, which is in line with our findings from TDS measurements.
Figures S1 f-h) compare the spectra of PEN:PFP co-evaporations with different stoichioemetric ratios. While in the
co-deposition with PEN excess (Fig. S1 f) ) the PEN exciton is clearly and the PFP excitonic excitation is not
observed, the reverse is true for the sample with PFP excess (Fig. S1 g) ). Comparing these to the equimolar co-
deposition (Fig. S1 h) ) shows that both excitonic excitations of the pure compounds are suppressed in this spectrum
and a new excitation (additionally to the CT-excitation at 1.55 eV) is found at 1.92 eV.

Figure S 1: Optical absorption spectra of differently prepared heterostructures of PEN and PFP on glass substrates
compared to reference spectra of single compounds: a) pure PFP, b) pure PEN, c) 30 nm PEN deposited on 30 nm
PFP at 330 K, d) at 270 K, e) 30 nm PFP deposited on 30 nm PEN at 330 K, f) co-evaporation at 330 K with 2:1

PEN:PFP ratio, g) 1:2 PEN:PFP ratio, h) 1:1 PEN:PFP ratio

To verify the orientation of the heterostructures, out-of-plane X-Ray diffraction was applied. In Fig. S2 spectra of
multi-stacks [a) and d)], co-evaporated films [b) and e)] and subsequently deposited PEN / PFP stacks [c) and f)] on
SiO2 (total film thickness 20 nm) and glass substrates (total film thickness 60 nm), all of which prepared at substrate
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Figure S 2: X-Ray Diffraction spectra of differently prepared heterostructures of PEN and PFP on SiO2 (total film
thickness 20 nm) and glass substrates (total film thickness 60 nm): a),d) Multi-Stacks, b),e) Co-Evaporation, c),f)

Subsequent Stacks PEN on PFP. All samples were prepared at temperatures of 330 K

temperatures of 330 K, are compared. In all cases prominent peaks at positions of 2Θ = 5.6◦ and their higher order
replica [labelled (1) to (4)] were found, which reflects an upright molecular orientation in all examined configurations.
Due to the low resolving power of the used diffractometer and the high peak width however, the three different
crystal structures of PEN (d(001),tf = 5.73Å[1]), PFP (d(100),tf = 5.61 Å[2]) and the PFP:PEN heterostructure

(d(100) = 5.54Å[2]) could not be differentiated by means of out-of-plane diffraction. The comparison shows that
essentially the same film structure - consisting of uprightly oriented molecules - is observed in binary PEN/PFP films
in thin films on SiO2 as well as in thicker films grown on glass substrates.

We note that, additional to the dominant upright orientation, small contributions of non-standing orientations were
found in the case of the multi-stacks prepared on glass substrates (Fig. S2 d)). We note further, that the thick
subsequent PEN/PFP stack (Fig. S2 f)) is not only composed of pentacene crystallites in their thin film phase, but
exhibits some in the Campbell phase, resulting in a smaller lattice plane distance and therefore peaks at higher angles
(first order at 6.1◦, labelled with asterisk). The transition of crystallization in the thin film phase to the Campbell
phase at elevated temperatures and increasing film thickness is in good congruence with previous findings[3].

[1] S. Schiefer, M. Huth, A. Dobrinevski, B. Nickel, J. Am. Chem. Soc. 129, 10316 (2007).
[2] I. Salzmann, S. Duhm, G. Heimel, J. P. Rabe, N. Koch, M. Oehzelt, Y. Sakamoto, T. Suzuki, Langmuir 24, 7294 (2008).
[3] I. P. M. Bouchoms, W. A. Schoonveld, J. Vrijmoeth, T. M. Klapwijk, Synthetic Metals 104, 175 (1999).
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5.9 Article IX: Diffusion-controlled growth of molecular
hetero-structures: fabrication of 2D, 1D and 0-Dimensional
C60-nanostructures on pentacene substrates

Reproduced with permission from
T. Breuer and G. Witte, Advanced Materials (2013), submitted.

5.9.1 Abstract

A variety of low dimensional C60 structures has been grown on supporting pentacene
multilayers. By choice of substrate temperature during growth the effective diffusion length
of evaporated fullerenes and their nucleation at terraces or step edges can be precisely
controlled. AFM and SEM measurements show that this enables the fabrication of either
2D adlayers or solely 1D chains decorating substrate steps, while at elevated growth
temperature continuous wetting of step edges is prohibited and instead the formation
of separated C60 clusters pinned at the pentacene step edges occurs. Remarkably, all
structures remain thermally stable at room temperature once they are formed. In addition
the various fullerene structures have been overgrown by an additional pentacene capping
layer. Utilizing the different probe depth of XRD and NEXAFS we found that no
contiguous pentacene film is formed on the 2D C60 structure, whereas an encapsulation of
the 1D and 0D structures with uniformly upright oriented pentacene is achieved, hence
allowing the fabrication of low dimensional buried organic hetero-structures.

5.9.2 Methods

Atomic Force Microscopy, Near-Edge X-Ray Absorption Finestructure Spectroscopy,
Organic Molecular Beam Deposition, Scanning Electron Microscopy, X-Ray Diffraction
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5.9.3 Own Contribution

I have prepared all samples and planned and conducted all experiments. I have written
the major part of the manuscript, while Gregor Witte has helped to interpret the data as
well as to improve the manuscript.
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Low dimensional semiconductor hetero-structures have
been the subject of intense research because they enable elec-
tron confinement and exhibit new transport properties which
are useful for device applications.[1] In contrast to such in-
organic semiconductor structures, which can be specifically
fabricated by means of molecular beam epitaxy in combi-
nation with lithography based structuring methods, hetero-
structures consisting of organic semiconductors are studied
by far less thoroughly. Present efforts to prepare molecular
nanostructures are mostly limited to hybrid systems such as
self assembled monolayers,[2] nano-particles coated by ligand
shells [3] or block copolymer micelles.[4] A commonly used
strategy to fabricate 2D molecular nanostructures is based on
the surface science approach where a large variety of struc-
tures has been observed for monolayer films chemisorbed at
metal substrates [5] that result from supra-molecular associa-
tion and substrate template effects. Though template con-
trolled growth can be used to prepare long range ordered
monolayers with uniaxial molecular orientation,[6] such struc-
tural motifs are usually not transferred to multilayer films.[7]
This limitation can be rationalized by rather different molec-
ular interactions acting within the film and towards the sub-
strate: while molecules are fixated by chemical bonds at the
surface, they experience only weak, essentially van-der-Waals
type mutual interactions. As a consequence, multilayer struc-
tures generally exhibit a larger degree of imperfection and
strongly reduced thermal stability compared to chemisorbed
monolayers. In case of molecular hetero-structures the situa-
tion is even more complex since unequal interactions between
the different molecular entities may cause phase separation
upon growth.[8] On the other hand the weak intermolecular
interaction favors notable diffusion already at room tempera-
ture and can lead to substantial intermixture of sequentially
deposited molecular films [9] which might hamper the for-
mation of well separated molecular hetero-layers. To date,
only few examples of ordered molecular hetero-structures have
been reported, essentially showing orientational control in ver-
tically stacked layers.[10]

The promising potential of organic photovoltaic (OPV)
devices based on acceptor-donor hetero-junctions of conju-
gated polymers and/or oligomers has recently attracted sub-
stantial research interest in such interfaces. Aiming to im-
prove the understanding of the microstructure and energet-
ics of molecular hetero-structures, prototypical model inter-
faces between small molecular weight organic compounds
that form crystalline films, such as fullerene (C60) and pen-
tacene (PEN), are of particular interest.[11] Moreover, they
have been successfully used to fabricate ambipolar organic
field effect transistors.[12] Previous studies have shown that
PEN/C60 blends prepared by co-evaporation reveal phase
separation.[13] In contrast, the formation of well ordered net-
work or pinwheel structures was found upon co-crystallization
of monolayers on metal substrates,[14] while deposition of C60

onto pentacene films yields clusters pinned at pentacene step
edges.[15] The complexity of such structural motifs has also
triggered significant theoretical efforts to analyze PEN/C60

interfaces.[16–18] In addition, detailed energy calculations in-
dicate that the electronic coupling between PEN and C60

depends significantly on their relative molecular orientation
which has important implications for electronic devices em-
ploying such hetero-junctions.[19, 20]

In this study, we have extensively analyzed the growth
of C60 layers onto (001)-oriented PEN films by combin-
ing atomic force microscopy (AFM), scanning electron mi-
croscopy (SEM), X-ray diffraction (XRD) and X-ray absorp-
tion spectroscopy (NEXAFS). A systematic variation of the
growth conditions shows that at appropriate substrate tem-
peratures rather different C60 structures can be fabricated:
at cryogenic temperatures homogeneous wetting occurs yield-
ing 2D C60 films while with increasing growth temperature
the fullerenes diffuse towards step edges of the PEN layer
and form 1D chains. By contrast, growth of C60 at room
temperature or above causes dewetting and formation of sep-
arate C60-clusters that nucleate at PEN step edges. In ad-
dition we have also addressed the topic whether the various
C60 structures can be overgrown by PEN films in order to
fabricate buried hetero-structures. The different probe depth
of XRD and NEXFAS provides detailed information about
the orientational ordering of bottom and top PEN layers and
shows that fullerene chains and clusters can be well overgrown
by a crystalline PEN capping layer that maintains it upright
molecular orientation.

To provide well defined pentacene substrates with uniform
molecular orientation and to exclude competing interaction
of fullerenes with the supporting substrate, which might af-
fect the film structure,[21] all C60 films were deposited onto
30 nm PEN bottom layers that had been grown on SiO2.
In accordance with previous works such PEN layers crystal-
lize in the thin film phase and form (001)-oriented films.[22]
As shown by the AFM micrograph in Fig. 1a) they consist
of coalesced single crystalline grains of a width of few mi-
crons and exhibit atomically flat terraces extending over 100-
200 nm separated by mono-molecular steps yielding an overall
RMS roughness of less than 5nm (for additional XRD data see
Supp. Inf., Fig. S4). Since previous work revealed severe tip-
induced film modifications upon imaging of molecular multi-
layer films by scanning tunneling microscopy, owing to their
low conductivity,[23] we instead used AFM to characterize the
morphology of the molecular hetero-structures.

Fig. 1b) displays the interface formed by deposition of small
C60 amounts (dnom=0.25 nm) at room temperature onto the
PEN bottom layer, yielding small C60-clusters that are exclu-
sively pinned at PEN step edges. To accentuate the lateral
distribution of these clusters and decouple the superimposed
height variation due to PEN substrate terraces, we present
amplitude images of the AFM data shown in false colors, while
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FIG. 1: AFM micrographs showing a) the morphology of the
30 nm PEN bottom layer and the amplitude images after
C60 deposition of various thickness at room temperature, b)
0.25 nm, c) 0.5 nm and d) 5 nm together with corresponding
line scans showing the height profile of the films. All scale
bars correspond to 1 µm.

line scans represent the corresponding topography. The ob-
served step decoration reflects enhanced adsorption energy
of C60 molecules on PEN step edges as compared to ter-
race sites which is in line with recent force field based MD
simulations.[17] As the precise determination of the cluster
size might be limited by the resolution of the AFM due to
the finite tip apex, additional SEM measurements have been
performed at the identical samples (see Supp. Inf. S3). The
quantitative analysis, combining the lateral dimensions of the
clusters determined by SEM and height information provided
by AFM yields cluster diameters of about 25 nm and a height
of 4-6 nm. These values are much larger than the van der
Waals diameter of fullerenes (0.7 nm) and therefore indicate
agglomeration of the fullerenes. Doubling the amount of de-
posited C60 (dnom=0.5 nm) still reveals no nucleation on the
terraces and, surprisingly, does not result in continuous dec-
oration of the step edges, but leads to clusters of increased
height (8-10 nm) and diameter (40 nm). To monitor the film
evolution at a later stage, also explicitly higher amounts of
C60 (dnom=5 nm) were deposited onto the PEN bottom layer.
Even for this coverage (which corresponds to 6 monolayers of
(001)-oriented C60) individual C60 clusters can be recognized
that have further extended in size (up to 15 nm in height,
about 80 nm in diameter) and are partially coalesced, result-
ing in significant film roughness. The formation of individual
C60 clusters coexistent with notable regions of undecorated
step edges indicates that the C60 cohesion exceeds the C60-
PEN adhesion.

Moreover, it shows that upon RT deposition C60 diffusion
at terraces and along step edges is activated. Considering fur-

ther the different adsorption energy of C60 on (001)-terraces
and step edges of PEN, it appears conceivable to control the
diffusion length on terraces and steps separately by the sub-
strate temperature. To test this hypothesis and to better un-
derstand the dynamics of step edge decoration, additional C60

films (in each case with a fixed nominal thickness of 0.5 nm)
were grown on PEN bottom layers at different substrate tem-
peratures ranging from 145 K to 345 K. Interestingly, a contin-
uous evolution of the growth of C60 on PEN is found as sum-
marized in Fig. 2. While rather homogeneous coating of the
PEN terraces occurs for fullerene deposition at 145 K (which
is also found for higher C60 thicknesses, cf. Supp. Inf., Fig.
S1), at somewhat elevated temperatures coexistence between
terrace growth and step edge decoration is present. Further
elevation of the subtrate temperature to 240 K yields contin-
uous step edge decoration without observable gaps between
the C60 clusters along the step edges. The initially mentioned
more discrete step edge decoration with enhanced individual
cluster heights at room temperature becomes even more pro-
nounced at a temperature of 345 K during C60 evaporation.
In this case, large regions of the step edges remain uncovered
while the higher diffusivity of the C60 molecules at elevated
substrate temperature supports the formation of clusters of
more than 9 nm in height. Measurements at higher substrate
temperatures have not been carried out to avoid thermally
activated roughening or even desorption of the PEN bottom
layer.[24]

Interestingly, the various film morphologies are fully main-
tained at room temperature where all micrographs have been
acquired. We note further that no evidence was found for any
morphological changes after deposition by comparing samples
which have been quickly transferred out of the vacuum cham-
ber to those that have been prepared at low temperatures
and post-annealed to higher temperatures or stored for sev-
eral days under UHV at RT. This behavior is quite differ-
ent from the case of PEN where a pronounced post-deposition
dewetting occurs.[24] It demonstrates that C60 layers are ther-
mally rather stable once a certain island size is reached which
prevents subsequent diffusion. This observation is well ratio-
nalized by a recent computational study of the diffusion of C60

on PEN which showed that the diffusion coefficients decrease
rapidly when instead of single molecules small fullerene clus-
ters are moving over the PEN surface.[16] Conclusively, our
results show that the diffusivity of C60 is sufficient to deco-
rate the step edges of PEN even at temperatures as low as
170 K, which is quite surprising regarding the high molecular
mass and the high thermal stability of solid C60. By con-
trast, smooth interfaces with homogenous coverage are found
at cryogenic growth temperatures, where even diffusion on the
terraces is thermally not activated and fullerenes freeze out
upon deposition, while the interface roughness increases with
deposition temperature yielding only a small contact area at
high temperatures (cf. Fig. 2g). Comparing the different nu-
cleation scenarios, one can assign different dimensionalities
to the resulting C60 films: low substrate temperatures during
C60 deposition cause planar covering of the PEN surface and
yield quasi 2D-structures, while at temperatures of 240 K es-
sentially only the PEN step edges are covered homogeneously
(1D-covering) and at elevated temperatures (345 K) separated
0-dimensional clusters are formed.

In a next step, we were also interested in the conse-
quences of further pentacene deposition onto the various
hetero-structures, aiming at the preparation of buried C60

structures. For this purpose, a 5 nm PEN capping layer was
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FIG. 2: Summary of AFM micrographs showing the resulting hetero-structures obtained by deposition of 0.5 nm C60 onto a
30 nm (001) oriented pentacene bottom layer at different substrate temperatures: a) T=145 K, b) T=170 K, c) T=240 K, d)
T=300 K, and e) T=345 K together with f) corresponding line scans of the height profiles and schematic representation of the
formed C60 structures. All scale bars correspond to 0.5 µm.

deposited at room temperature onto the various C60/PEN
hetero-structures (0.5 nm C60 on 30 nm PEN), where C60 had
been deposited at different substrate temperatures of 145 K,
240 K and 300 K, respectively. Fig. 3a-c) summarizes the
corresponding AFM micrographs of the resulting structures.
On the 2D C60 layer rather small but tall PEN islands are
formed which reveal elevations of about 10-15 nm relative to
the C60/PEN underlayer. Interestingly, some areas between
the pentacene islands exist where the uncovered C60 film re-
mains visible, hence reflecting incomplete wetting (white ar-
row in Fig. 3a).

When PEN is deposited on C60-chains, a significantly dif-
ferent morphology is found. The capping layer has clearly
reduced roughness and consists of extended islands which ex-
hibit characteristic molecular steps that correspond to upright
molecular orientation. In contrast to the morphology of the
bare PEN bottom layer (cf. Fig. 1a) the PEN adlayer, how-
ever, reveals additional steps and grain boundaries on the
terraces of the bottom layer - in some cases even orthogo-
nal to the substrate step edge direction (see Fig. 3b). Their
formation might be related to the step decoration which is
expected to reduce the diffusion of PEN ad-molecules, hence
causing additional nucleation.

Overgrowing the C60 clusters by PEN yields a surface mor-
phology which is very similar to the bare PEN film (cf. Fig.
1a). Dendrites of similar morphology are found as well as typ-
ical monomolecular steps of 1.5 nm as depicted in Fig. 3c).
Due to the large fullerene cluster size of about 8 nm, some of
them are not completely buried by the 5 nm PEN cap layer
and remain visible (indicated by black arrows in Fig. 3c), but
can be completely covered by thicker PEN films (cf. Supp.
Inf., Fig. S2).

The different resulting morphologies emphasize in partic-
ular the influence of steps on film growth. Once they are
covered, the inter-terrace diffusion is largely reduced which in
turn causes increased film roughness.

To determine the molecular orientation within the capping
layer, the application of x-ray diffraction is only of limited use
due its large probe depth and the diffractograms are therefore
mostly governed by the crystalline ordering of the supporting
bottom layer. However, it allowed to exclude the existence

of crystalline PEN islands with recumbent molecular orienta-
tion (data presented in Supp. Inf., Fig. S4). To reliably
support our finding that the subsequently deposited PEN
molcules also adopt an upright orientation, NEXAFS mea-
surements were carried out. Due to the low mean free path
of the detected Auger electrons, this technique is inherently
surface-sensitive and therefore allows to determine the aver-
age molecular orientation in the capping layer by analyzing
the dichroism of the NEXAFS signatures due to excitations
into the unoccupied π∗-orbitals[25] (see Supp. Inf.).

Except for PEN capping layers that were deposited on the
2D C60 layer, average molecular tilt angles of about 85◦ were
obtained. This value is in excellent agreement with the ori-
entation adopted in (001) oriented crystalline films (86◦) and
reflects high crystalline ordering of the capping layer. The

FIG. 3: AFM micrographs showing the morphology of 5 nm
PEN capping layers grown on C60 nanostructures of different
dimensionality: a) 2D, b) 1D, c) 0D C60 nanostructures, with
corresponding line-scans and magnifications. All scale bars
correspond to 0.5 µm



4

somewhat smaller average tilt angle of 71◦ found for PEN
layers grown on the 2D fullerene film can be understood by
considering that the C60 layer does not represent a single crys-
talline film but contains vacancies and other defects which
cause pinning of PEN. They reduce the crystalline ordering
and create notable film roughness as it was found before for
PEN films grown on polycrystalline gold substrates.[25]

Our NEXAFS measurements enable further to characterize
the molecular orientation near the surface of the PEN bottom
layer upon C60 deposition. This allows in particular a de-
tailed comparison with a previous MD growth study, in which
it was projected that fullerenes interdiffuse into an uprightly-
oriented PEN bottom layer, causing significant structural dis-
order in the top layers.[18] Our present results do not support
this projection, as the molecular orientation of the PEN sur-
face layer remains unchanged (85◦) upon deposition of C60.
Furthermore, interdiffusion of C60 into the PEN layer would
cause additional nuclei at the terraces, for which no evidence
has been found in the AFM measurements.[26]

In summary, we have demonstrated for the case of
C60/PEN hetero-structures that in addition to energetic as-
pects, such as adhesion and cohesion energies of the individual
compounds, which has been considered to rationalize the sta-
bility and possible intermixture of hetero-structures,[8] also
the dynamics upon deposition are decisive for the resulting
film structures. By adjusting the substrate temperature dur-
ing growth, the effective diffusion length is tuned and a site
specific nucleation is achieved which allows or suppresses C60

nucleation at step edges, or even activates diffusion along step
edges yielding separated but edge-pinned C60 clusters. As a
result C60-adlayer structures of different dimensionality have
been realized ranging from planar films (2D), over step deco-
rated chains (1D) to clusters (0D). It is further demonstrated
that such 1D and 0D C60-structures can be overgrown by sub-
sequent PEN deposition, forming a crystalline cover layer of
same orientation as the bottom layer, hence enabling the for-
mation of low dimensional buried organic hetero-structures.
The present approach of gaining structural control over nanos-
tructures by utilizing the anisotropic interaction between dif-
ferent molecular compounds and tuning the effective diffusion
length is not restricted to monolayer films. It thus appears to
be a rather versatile route to fabricate well ordered artificial
molecular hetero-structures that are neccesary to explore the
coupling at organic acceptor/donor interfaces and also serve
as benchmark systems for detailed growth simulations.

EXPERIMENTAL

The thin films of pentacene (Sigma Aldrich, purity ≥ 99.9
%) and C60 (Sigma Aldrich, purity ≥ 99.5 % ) were grown
under ultrahigh-vacuum (UHV) conditions by organic molec-
ular beam deposition (OMBD) from alumina crucibles of re-
sistively heated Knudsen cells. By using cell temperatures
of 500 K and 650 K for PEN and C60, respectively, typical
deposition rates of 6 Å/min (PEN) and 2 Å/min (C60) were
achieved that were monitored by quartz crystal microbalance
(QCM). The films were grown onto natively oxidized Si(100)
substrates which were cleaned by rinsing with ethanol, fol-
lowed by heating in UHV to 600 K for 30 min.

The film morphology was characterized by atomic force
microscopy (AFM, Agilent SPM 5500) operated in tapping
mode at ambient conditions and room temperature. AFM

tips with resonance frequencies of about 260 kHz, radii of 7
nm and force constants of 26.1 N/m were used. Details on
complementary NEXAFS, SEM and XRD measurements are
presented in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online
Library or from the author.
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EXPERIMENTAL DETAILS

Scanning electron microscopy (SEM, Jeol JSM-7500F operated at 20 kV acceleration voltage) was applied to obtain
additional, complementary information about the lateral ordering of the interface. The crystalline orientation of
selected samples was determined from XRD data acquired with a diffractometer (Bruker D8 Discovery) using Cu Kα

radiation (λ=1.54056 Å) and a LynxEye detector.
NEXAFS measurements were carried out at the HE-SGM dipole beamline at the synchrotron storage ring facility

BESSY II in Berlin (Germany). The spectra were recorded by measuring the secondary electron yield as function
of the photon energy of the linearly polarized incident synchrotron light (polarization factor 91%). The exit slit of
the grating monochromator was chosen such that an energy resolution of about 300 meV was achieved. To enhance
the surface sensitivity, a retarding field of –150 eV was applied to the entrance grid of the channel plate detector
(partial electron yield). To calibrate the absolute energy scale of the NEXAFS spectra, a simultaneously recorded
signal of the photocurrent from a carbon coated gold grid in the incident beam was used which exhibits a sharp
resonance at 284.9 eV. All NEXAFS raw data have been normalized with respect to the incident photon flux and
considering the energy dependent transmission characteristic of the monochromator grating. Furthermore, the signal
contributions from the C60 layers have been subtracted prior to the orientation determination of the PEN films. To
improve the statistical reliability, all spectra have been acquired twice at four different angles (θ = 30◦, 55◦, 70◦, 90◦).
The assignment of the peaks to π∗-transitions bases on [1] and [2].
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HIGHER AMOUNTS OF C60 DEPOSITED ON PEN MULTILAYERS

Figure S 1: AFM micrographs of 5 nm C60 on 30 nm PEN where the substrate temperature during C60 deposition
was a) 145 K, b) 200 K, c) 300 K

Additionally to the temperature-dependent series of the C60 / PEN interfaces discussed in the main text, where 0.5
nm C60 have been deposited at various substrate temperatures, such a series has also been conducted for thicker C60

films to find out whether also for comparably high C60 amounts (5 nm), the observed effects remain valid. In Fig S
1 the morphologies of such junctions where the sample temperature during C60 deposition were 145 K (a), 200 K (b)
and 300 K (c) are compared.

Clearly, the morphology of the deposition at 145 K and 200 K are equal such that the interface between the fullerene
and PEN is rather smooth and the bottom PEN terrace steps remain visible. The PEN islands are covered quite
equally and the C60 film exhibits comparably low roughness. The deposition of C60 at higher temperature however
leads to a significant rougher C60 film, where the individual cluster are of increased diameter and exhibit heights of
up to 15 nm.
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Figure S 2: AFM micrographs of a) 5 nm PEN, b) 10 nm PEN deposited onto 0.5 nm C60 on 30 nm PEN, where the
sample temperature was 300 K during all deposition processes.

COMPLETE BURIFICATION OF C60 CLUSTERS (0D) BY PEN

As discussed in the main text, deposition of 5 nm pentacene onto 0.5 nm C60 on 30 nm PEN does not completely
bury the C60 clusters when all depositions are conducted at 300 K. Thus, some C60 clusters remain visible after this
deposition process due to their great heights (black arrows in Fig S 2 a) ). However, deposition of higher amounts of
pentacene (10 nm) results in complete burification of these clusters and a growth mode is observed that corresponds
very well to the one of pure pentacene (cf. Fig S 2 b) ).
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SCANNING ELECTRON MICROSCOPY

Figure S 3: SEM micrographs of 0.5 nm C60 deposited onto 30 nm PEN where the sample temperature during C60

deposition was a) 145 K, b) 240 K, c) 300 K, d) 345 K. All scale bars correspond to 200 nm.

Fig. S 3 shows micrographs from scanning electron microscopy. Due to the high lateral resolution of this technique,
these images allowed to determine the cluster size of the C60 clusters more precisely than by means of atomic force
microscopy. Furthermore, these images support the trends discussed within the main paper.
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X-RAY DIFFRACTION

Figure S 4: XRD patterns of a) pure PEN thin film (30 nm), b) 5 nm PEN on 0.5 nm C60 on 30 nm PEN, where the
sample temperature was 300 K during all deposition processes. Dashed lines correspond to the (00n) peak positions
of the PEN thin film phase, while dotted lines correspond to typically observed peaks for recumbent orientations.

Though x-ray diffraction does not allow the exclusive determination of the orientation of PEN capping layers
on top of PEN / C60 interfaces because of contributions from the bottom multilayer due to the high penetration
depth of x-rays, the analysis of those patterns nevertheless allows to draw some conclusions. First, they prove the
crystalline, upright (001) orientation of PEN in the multilayers (Fig. S 4 a) and b)) in the PEN thin-film phase, as
the (00n)-peaks of the thin film phase at positions of 5.73◦, 11.48◦, 17.26◦, 23.08◦ and 28.99◦ are found. Furthermore,
the absence of diffraction peaks related to lying configurations of pentacene, as found in the case of pentacene on
single-crystalline gold (111) surfaces [1], like the (022), (121), (122) and (121) peaks of the Siegrist-phase (sketched in
Fig. S 4 by dotted lines) allows to conclude that no crystalline pentacene islands in lying configurations are formed
upon deposition of the pentacene capping layer. The presented data were acquired for capping layers deposited onto
the 0D C60 clusters. In the case of C60 nanostructures of different dimensionality (prepared by different subtrate
temperatures during the C60 evaporation process), also no evidence was found for lying species. However, this does
not mean that all pentacene molecules are in upright configuration, as nevertheless non-crystalline regions with more
recumbent molecular orientation may exist, which cannot be determined by means of x-ray diffraction. In turn, this
information can be obtained by analysis of the NEXAFS-spectra.
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NEXAFS SPECTROSCOPY

Figure S 5: a) C1s NEXAFS-spectra of i) bare PEN bottom layer on SiO2, ii) C60[4], iii) 0.5 nm C60 on PEN, iv)
PEN on 0D C60 nanostructure (substrate temperature during C60 deposition 300 K), v) PEN on 1D C60

nanostructure (substrate temperature during C60 deposition 240 K K) vi) PEN on 2D C60 nanostructure (substrate
temperature during C60 deposition 145 K K). b) examplary evaluation of dichroism, c) denotation of angles α and θ.

Utilizing the dichroism of x-ray absorption, NEXAFS spectroscopy allows to determine the average molecular
orientation in thin films. The exact intensity dependence for π∗-transitions for substrates of at least threefold-
symmetry is given by [3]:

Iπ∗ ∝ P cos2 θ

(
3 cos2 α

2
− 1

2

)
+

sin2 α

2
, (1)

where θ is the relative orientation between the transition dipole moment (TDM) of the excitation and the polar-
ization of the synchrotron light (cf. Fig. S 5 c), P is the polarization factor of the beamline and α is the average
molecular orientation. By fitting this formula in α to the experimental values, α can be determined (cf. Fig. S 5 b).
Note that α - different from angles derived from x-ray diffraction - is an averaged value and does not represent the
exact orientation of all molecules but results from contributions of all - regardless whether crystalline or amorphous
- orientations within the sample. In the case of PEN/C60 hetero-structures, the isotropic contribution of C60 has to
be subtracted from the spectra to enable the determination of the PEN molecules.

The average molecular orientations determined for the different PEN/C60 interfaces (cf. Fig. S 5) are presented in
table S I.
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Average Orientation
bare PEN bottom layer on SiO2 86◦ ± 5◦

C60 on PEN 85◦ ± 5◦

PEN capping layer on 2D-C60 85◦ ± 5◦

PEN capping layer on 1D-C60 82◦ ± 5◦

PEN capping layer on 0D-C60 71◦ ± 5◦

Table S I: Average orientation of pentacene determined form NEXAFS-measurements

[1] Käfer, D.; Ruppel, K.; Witte, G. Growth of pentacene on clean and modified gold surfaces. Phys. Rev. B 2007, 75, 085309.
[2] Terminello, L. J.; Shuh, D. K.; Himpsel, F. J.; Lapiano-Smith, D. A.; Stöhr, J.; Bethune, D. S.; Meijer, G. Unfilled orbitals

of C60 and C70 from carbon K-shell X-ray absorption fine structure. Chem. Phys. Lett. 1991, 82 (5), 491-496.
[3] Stöhr, J. edited by Gomer, R. NEXAFS Spectroscopy. Springer-Verlag: Berlin, 1992.
[4] Due to the its circular shape, C60 does not exhibit any dichroism. Therefore we present a spectrum of a polycrystalline C60

sample as reference.
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5.10 Article X: Polarization resolved absorption in highly ordered
organic semiconductors: One dimensional anisotropic response
beyond the Davydov splitting

K. Kolata, T. Breuer, J. Kunert, G. Witte and S. Chatterjee, in preparation (2013).

5.10.1 Abstract

We identify distinct excitonic resonances in the optical absorption spectra in highly-
ordered crystalline perfluropentacene films. Polarization-resolved measurements on single-
crystalline domains grown on NaF and KCl substrates reveal the appearance of a quasi-
one-dimensional delocalized exciton band along the crystalline axis with parallel stacking
of the π-electron systems. This goes beyond the standard Davydov-splitting of excitons
due to unequal molecules in the crystal unit cell. No significant structural of phase changes
are found for lattice temperature in the range from 10 to 300K.

5.10.2 Methods

Optical Absorption Spectroscopy, Organic Molecular Beam Deposition, Polarized Optical
Microscopy, X-Ray Diffraction

5.10.3 Own Contribution

The preparation and structural characterization of all samples has been conducted by me.
I have performed the XRD measurements and acquired the polarized optical micrographs,
written the corresponding paragraph in the manuscript and prepared these data for
publication. The optical absorption spectroscopy measurements have been conducted by
Kolja Kolata and Jan Kunert under supervision of Sangam Chatterjee. The interpretation
of all data has developed from joint discussions of all authors.
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Abstract

This thesis summarizes a number of studies regarding the preparation and spectroscopic
characterizations of thin films of the organic semiconductor perfluoropentacene (PFP) and
pentacene-tetrone (P-TET), as well as heterostructures of PFP and pentacene (PEN) and
of PEN and Buckminster-Fullerene (C60).
By combining various techniques, the morphology and structure of the thin films was

analyzed and it was examined, how modifications of the preparation procedure such as
the variation of the diffusion lengths of the molecules by tuning the substrate temperature
influence the film formation. By specific choice of substrates with diverse geometrical
and chemical properties, molecular films in different, highly ordered conformations have
been prepared. This enabled detailed polarization-resolved spectroscopic characterizations,
and thus allowed to determine the anisotropic electronic and vibrational characteristics of
crystalline organic semiconductors. Furthermore, the influence of the nanoscopic quality
of the substrate on the resulting thin films has been investigated for the combination of
highly oriented pyrolitic graphite as substrate and PFP as well as P-TET as adsorbates. It
was shown that the weak, but efficient interaction between substrate and adsorbate, results
in planar adsorption conformation and large crystal sizes. This is especially interesting as
it allows spectroscopic access to thin films with recumbent molecular orientation in the
absence of chemical modification of the molecules by the substrate as often found in the
case of metal substrates. Moreover, it was found that this template effect is suppressed
even by microscopic substrate defects. In the case of deposition of PFP on HOPG a
new crystalline structure (polymorph) has been identified and resolved, in which the
PFP-molecules stack in parallel sequence relative to one another instead of adopting the
common herringbone-motif. As this parallelism leads to effective overlap of the molecular
π-orbitals, it was found that the charge carrier mobility is enhanced by a factor greater
than 10 compared to the bulk structure to a value which is even higher than the one found
for pentacene.
Furthermore, the PFP-metal-interfaces in case of the metals gold, silver and copper

were studied. Because these interfaces are of great significance for the efficiency of actual
devices, the comprehension and the stability of them is very important for the advancement
of organic electronic devices. We found that the stability against catalytic processes, which
had been ascribed to PFP, actually is not as high as projected. Instead, at reactive silver
and copper surfaces, upon supply of thermal energy significant changes of the structural



and electronic properties occur, which lead to complete dissociation of the molecule at
high temperatures.

Finally, studies have been conducted which are supposed to gain insights into structure
formation and interaction of organic molecules with one another in so-called organic
heterostructures. Organic heterostructures are of great importance, because a high number
of prototypical electronic devices as organic solar cells and ambipolar organic field-effect
transistors, are made of more than one compound. The efficiency of such devices in
turn critically depends on the electronic interaction, the intermixture and the relative
conformation. This leads to the necessity of conducting studies which investigate these
correspondences with the aid of appropriate model systems. Such studies have been
performed in this thesis, choosing heterostructures of PFP and PEN as well as PEN
and C60 as model systems. Due to their high structural and electronic compatibility,
crystalline molecular intermixture of PFP and PEN is found. It was furthermore shown
that the proposed efficient quadrupolar of both compounds indeed results in electronic
interaction and enhanced thermal stability of the heterostructure compared to the single
compound. Moreover, different preparation methods of this heterostructure were compared
and detailed insight was gained into the influence of the intermixture on the electronic
properties. Although in turn heterostructures of PEN and C60 exhibit molecular separation,
they nevertheless influence each other regarding their nanostructure. It was shown that
by tuning the effective diffusion length of the fullerenes, C60 nanostructures of different
dimensionality can be prepared, which furthermore renders possibilities to fabricate buried
molecular nanostructures of low dimensionality.



Zusammenfassung (Abstract in German)

Diese Arbeit ist eine Zusammenfassung der Studien zur Präparation und spektroskopischen
Charakterisierung von Dünnfilmen des organischen Halbleitermoleküls Perfluoropentacen
(PFP) und Pentacenetetrone (P-TET), sowie von Heterostrukturen von PFP und Pentacen
(PEN) und von PEN und Buckminster-Fulleren (C60).

Durch die Kombination verschiedener Messtechniken wurden die Morphologie und Struk-
tur der Dünnfilme analysiert und der Effekt von Veränderungen des Präparationsprozesses
wie zum Beispiel der Variation der Diffusionslängen der Moleküle durch Einstellung der
Substrattemperatur auf die Dünnfilme untersucht. Durch die gezielte Auswahl von Sub-
straten verschiedener geometrischer und chemischer Eigenschaften wurden molekulare
Dünnfilme in verschiedener, hochgeordneter Ausrichtung hergestellt. Dies ermöglichte
die detaillierte polarisationsaufgelöste spektroskopische Vermessung dieser Dünnfilme,
wodurch die anisotropen elektronischen, morphologischen und Vibrationseigenschaften der
organischen Halbleitermoleküle in kristalliner Form bestimmt werden konnten. Weiterhin
wurde der Einfluss der nanoskopischen Qualität des Trägersubstrates auf die resultierenden
Dünnfilm-Eigenschaften für die Kombination von hochorientiertem pyrolitischen Graphit
(HOPG) als Substrat und PFP und P-TET als Adsorbate untersucht. Hierbei zeigte
sich, dass die schwache, aber effiziente Wechselwirkung zwischen dem Graphit-Substrat
und dem Adsorbat in einer planaren Adsorptionsgeometrie und großer Kristallitgröße der
Acene auf HOPG resultiert. Dies ist speziell interessant, da es spektroskopischen Zugang
zu Dünnfilmen in liegender molekularer Orientierung ermöglicht, ohne dass die Moleküle
durch starke Wechselwirkung mit dem Substrat chemisch verändert werden, wie es oft bei
Kontakt mit Metalloberflächen der Fall ist. Durch Variation der Substratqualität wurde
festgestellt, dass bereits mikroskopische Fehlstellen im Substrat diesen Effekt unterbinden,
sodass die Substratqualität als kritischer Parameter für die Strukturbildung in molekularen
Dünnfilmen identifiziert wurde. Im Falle der Deposition von PFP auf HOPG wurde eine
neuartige Kristallphase (Polymorphismus) von PFP entdeckt, in der die PFP-Moleküle
relativ zueinander parallel stapeln statt das typische Herringbone-Muster einzunehmen.
Da diese Parallelität zu einer effektiven Überlappung der molekularen π-Orbitale führt,
konnte eine um mehr als den Faktor 10 erhöhte Ladungsträgermobilität, die damit sogar
höher ist als jene von Pentacen, in diesen Filmen nachgewiesen werden.
Weiterhin wurden die PFP-Metall-Grenzflächen an den Metallen Gold, Silber und

Kupfer studiert. Da diese Grenzflächen von entscheidender Bedeutung für die Effizienz
realer Bauteile sind, ist ihr Verständnis und die Stabilität dieser Grenzfläche von großer



Bedeutung für die Weiterentwicklung organischer elektronischer Bauteile. Es zeigte sich
hierbei, dass die für PFP postulierte Stabilität gegenüber katalytischen Prozessen weitaus
schwächer ist als vorhergesagt. Als Konsequenz treten an Grenzflächen mit reaktiven Silber-
und Kupferoberflächen bei Zufuhr von thermischer Energie signifikante Veränderungen
der strukturellen und elektronischen Eigenschaften auf, die bei hohen Temperaturen zu
einer vollständigen Dissoziation des Moleküls führen.

Zudem wurden Studien durchgeführt, die zu einem erweitertem Verständnis in der Struk-
turbildung und Wechselwirkung organischer Moleküle miteinander beitragen sollen. Solche
organische Heterostrukturen sind von großer Bedeutung, da eine Vielzahl prototypialer
elektronischer Bauelemente, wie beispielsweise organischer Solarzellen oder ambipolarer or-
ganischer Feldeffekttransistoren, auf Kombinationen mehrerer Komponenten zurückgreifen.
Da die Effizienz dieser Bauteile wiederum kritisch von der elektronischen Wechselwirkung,
der Durchmischung und relativen Anordnung der Komponenten zueinander bestimmt wird,
sind die Ergebnisse dieser Arbeit, in der anhand geeigneter Modellsysteme eben solche
Zusammenhänge untersucht wurden, von großer Bedeutung. Als Modellsysteme wurden
Heterostrukturen von PFP und PEN sowie von PEN und C60 untersucht. Aufgrund
der hohen strukturellen und elektronischen Kompatibilität tritt kristalline molekulare
Durchmischung von PEN und PFP auf. Es wurde in dieser Arbeit nachgewiesen, dass die
vorhergesagte effektive Quadruopol-Wechselwirkung beider Komponenten zu elektronischer
Wechselwirkung und erhöhter thermischer Stabilität gegenüber den Einzelkomponenten
führt. Darauf aufbauend wurden verschiedene Präparationsmethoden zu ihrer Herstellung
verglichen. Zudem wurden detaillierte Erkenntnisse über die Auswirkungen der Durchmis-
chung auf die elektronischen Eigenschaften gewonnen. Obwohl Heterostrukturen von PEN
und C60 dagegen molekularer Entmischung unterliegen, beeinflussen sie sich dennoch in
ihrer Nanostruktur. Es wurde gezeigt, dass durch Einstellung der Diffusionslängen der
Fullerene C60-Nanostrukturen unterschiedlicher Dimensionalität mit gezielter Anlagerung
an PEN-Molekularstufen hergestellt werden können. Dies bietet die Möglichkeit zur Fab-
rikation vergrabener molekularer Nanostrukturen, die spektroskopisch adressiert werden
können.
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