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ABSTRACT: We evidence the intercorrelation of electronic, structural, and morphological properties
in nanorods of a substituted fluorine-based pentacene, 2,3,9,10-tetrafluoropentacene, deposited on gold
single crystals by using photoemission and X-ray absorption spectroscopy investigations. Our
investigations show changes in the XPS spectroscopy lines, and NEXAFS features correlate with the
specific structure of the assemblies and their morphology. Consequently, the chemical structure affects
not only the molecular electronic structure and the way the molecules assemble in a film but also the
film morphology leading to specific thin film electronic properties.
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■ INTRODUCTION

Organic semiconductors have shown almost unprecedented
success in reaching the market,1 once the first device was
proved.2 Their properties are very attractive for their use in a
large number of applications where low costs, chemical
flexibility, and energy saving technologies play the major role:
The plastic-based technology has still immense potential in
functionalities, such as clothes, food labels, badges, and smart
cards.3 One of the greatest strengths of organic semiconductors
is their chemical flexibility by synthesis: The concepts of
chemical surface engineering4 and design of organic semi-
conductors5 are proven to be feasible ways to fully explore the
technological opportunities offered by this class of materials. In
this view, substitution is an efficient approach to pursue the
goal of tuning important parameters, such as the gap between
the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO), ionization
potential, electron affinity, and transport properties in organic
materials:6 Unsubstituted pentacene (PEN), a p-type semi-
conductor, is the subject of numerous investigations owing to
its high charge-carrier mobility and its ability to form highly
oriented thin films.7−15 Thus, substituted pentacenes enhancing
pentacene properties, are very popular.16−23 Here, we
investigate the impact of functionalization on thin film
characteristics (electronic properties, structure, and morphol-
ogy), choosing 2,3,9,10-tetrafluoropentacene24 (F4PEN, Figure
1), a fluorinated pentacene derivative, as a model system.

We investigate F4PEN nanorods deposited on Au(110)
single crystals by using X-ray photoelectron spectroscopy
(XPS), ultraviolet photoelectron spectroscopy (UPS), near
edge X-ray absorption fine structure (NEXAFS) spectroscopy,
and atomic force microscopy (AFM). The simultaneous use of
this variety of techniques is coupled to the controlled in situ
deposition, in order to avoid possible artifacts and discrepancies
due to a noncompletely controlled environment that could
affect our results.25−27

■ EXPERIMENTAL SECTION
Sample preparation and photoemission experiments were performed
in an ultrahigh-vacuum (UHV) system consisting of two preparation
chambers (base pressure, better than 10−9 mbar) and an analyzing
chamber (base pressure, 8 × 10−10 mbar) equipped with a Specs
Phoibos 150 analyzer, a monochromatic Al Kα source, and a high-flux
He discharge lamp (UVS 300 Specs) with an excitation energy of
21.22 eV. The He I β and He I γ satellites were subtracted from the
experimental data for all UPS spectra. The UPS experimental
resolution (200 meV) was calculated from the broadening of the
Fermi edge. A clean Au(110) single crystal (Surface Preparation
Laboratory) was used as a substrate, prepared by several cycles of
sputtering (Ar+ ion bombardment, 1250 V) and annealing (600 K).
The cleaning cycles were repeated until XPS, UPS, and low-energy
electron diffraction showed no traces of contaminants. F4PEN was
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synthesized “ in house” according to the route reported in ref 24. The
preparation of the nanorods was carried out in situ under UHV
conditions by using organic molecular beam deposition (evaporation
rate, 1.3 Å/min; substrate at room temperature, Tsub = 300 K). The
evaporation rate was measured with a quartz crystal microbalance.
NEXAFS measurements were carried out at the UE52-PGM undulator

beamline at BESSY (Berlin) in single bunch (top up mode; ring
current = 13.6 mA; cff = 2.5; 40 μm exit slit; analyzer resolution = 0.1
eV). The main chamber (base pressure, 2 × 1010 mbar) was equipped
with a standard twin anode X-ray source and a SCIENTA R4000
electron energy analyzer. We carried out NEXAFS measurements in
the partial electron yield mode, in grazing incidence (70° with respect

Figure 1. 5 μm × 5 μm AFM images of a nominally (a) 18 Å thick and (b) 40 Å thick nanorod assembly. (c) 10 μm × 10 μm, (d) 5 μm × 5 μm, and
(e) 3 μm × 3 μm AFM images of a nominally 120 Å thick nanorod assembly; together with their relative nanorod angular dispersions: f, g, and h. (i)
Sketch of the preferential nanorod growth directions on Au(110) single crystals. The F4PEN molecular structure is also shown (yellow indicates
carbon atoms, blue indicates hydrogen atoms, and gray indicates fluorine atoms).
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to (wrt) the sample normal). The NEXAFS spectra were normalized
by using the clean substrate signal and the ring current. All spectra
were scaled to give an equal edge jump. Details on NEXAFS
normalization are given elsewhere.10,28 No degradation of the samples
was observed on the time scale of all discussed experiments. AFM
measurements (Digital Instruments Nanoscope III Multimode) were
performed under ambient conditions in tapping mode.

■ RESULTS AND DISCUSSION

F4PEN molecules (F4PENs) form, under the present
preparation conditions, islands appearing as nanorods (see
Figure 1). This morphology also characterizes the assemblies of
other substituted pentacenes.22,23 On average, with increasing
nominal thickness of the F4PEN assembly, the nanorods
become longer, while the height distribution does not change
relevantly (see the Supporting Information). This effect, as well
as the nanorod-type morphology, is due to the fact that the
barriers to surface diffusion on a terrace are anisotropic:
Diffusing across the width of a nanorod involves energy barriers
twice as high as diffusing along its length, favoring the
formation of nanorods.23 The nanorods do not grow randomly
distributed on the Au(110) surfaces; only certain directions are
favored. Analyzing the AFM images we find that they
preferentially grow along the direction perpendicular to the
missing-row reconstruction in a Au(110) single crystal, i.e.,
along the [001]-direction, or, alternatively, forming a 60°/120°
angle with respect to the [001]-direction (see nanorod angular
dispersions and sketch in Figure 1). This behavior was
previously observed for PENs on gold single crystals with the
same substrate lattice geometry.29 It is related to the geometry
of the lattice substrate that can steer the aggregation of islands/
nanorods during their growth.30,31

F4PENs are physisorbed on Au(110).32 The C 1s and F 1s
XPS core-level spectra of the thicker assembly are characterized
by a peak at 285.2 and a peak at 687.7 eV, respectively (Figure
2). These main features are assigned in the C 1s core-level
spectra (Figure 1a) to carbon atoms bound only to carbon or
also to hydrogen, while the F 1s spectra show only a single line
(Figure 2b), as expected because the fluorine atoms have the
same chemical environment. A further peak at 287.5 eV, related
to carbon atoms which are bonded to fluorine (CF), is visible in
the C 1s spectra (Figure 2a).32 We observe a thickness-
dependent shift of the main lines toward higher binding
energies with respect to the thinnest assembly main line (0.7 eV
for the C 1s main line and 0.6 eV for the F 1s main line). The
line shift is not only thickness-dependent but also nonrigid, as it
is shown in Figure 2b. We observe two thickness regions: A first
region with increasing energy shifts up to around 25 Å and a
region above 25 Å, where the shifts almost stabilize. The
nonrigid shift can be traced back to a fractional charge transfer
from the metal to the molecules.32 However, this does not
explain the thickness-dependent difference of the main line
shape that is particularly evident between 18 and 45 Å (Figure
2a).
To understand the reasons that may cause this phenomenon,

it is important to identify and discuss the aspects that influence
the electronic structure in F4PEN nanorods. NEXAFS signals
are sensitive to the orientation of the molecules in the films,
and the average molecular orientation can be directly calculated
from the NEXAFS spectra, measured for at least two different
polarizations of the incident light.33 F4PENs experience a
molecular reorientation with increasing thickness: A quantita-
tive analysis performed on the π* resonance at 286.1 eV

(Figure 3) yields an average tilt angle of the molecular plane
with respect to the substrate of 31° for the thickest assemblies,
while F4PENs are flat lying at the interface with gold. This is
typical in thin films of organic small molecules when the
influence of the substrate becomes less strong due to the larger
distance from the interface. Indeed, if we consider two
molecules, one close to the other, the way they would
structurally assemble is determined by a compromise between
the strength of the C−H and the π−π interactions.34 In a film
or in a rod they are not isolated: They interact with the
surrounding molecules that also aim at minimizing their energy
because of the same interactions. In addition, the molecules
interact with and feel the substrate potential. The consequence
is the tendency of the molecules to assemble following the
herringbone structure, and a large variety of thin film
polymorphisms are reported in the literature.8,34−36 The
herringbone motif explains the characteristic NEXAFS
dichroism behavior that we find for F4PENs, as this structure
gives rise to contributions to both polarizations in the NEXAFS
experiment.
The reorientation of the F4PENs in the nanorods generates a

slightly different ionization potential37 (IP) for different
thicknesses of the nanorods. We expect that this contributes
rigidly to the shift observed in Figure 2c. Once the molecular
orientation reaches the equilibrium values of the “thin film
phase”, beyond the influence of the substrate potential, the
nanorod ionization potential stabilizes (see Supporting
Information for the plot of IP versus thickness). This is
mirrored by the stabilization of the XPS line shifts in the range
above 50 Å (Figure 2c). The change in ionization potential is
0.26 eV. Note that in ordered thin films of PEN the IP

Figure 2. (a) Thickness-dependent C 1s and (b) F 1s core-level
spectra of F4PEN assemblies. (c) Core-level shifts versus thickness of
the C 1s and F 1s main lines and CF contribution, as indicated.
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difference between flat and standing molecules is 0.4 eV,37

whereas it is 0.85 eV for PFP.38 Therefore, F4PEN values are in
agreement with the intermediate fluorination degree of F4PEN
and the fact that in thicker assemblies F4PENs do not assume a
standing configuration with respect to the substrate.
Comparing the NEXAFS spectra for different thicknesses,

they show the structural effects due to the reorientation of the
molecules that affects the resonance intensities, as discussed. In
addition, the different energy onset between the thinner and
the thicker assemblies is due to the charge transfer from the
metal to the molecule, as discussed in ref 32. These two are not
the only visible effects: At intermediate thicknesses we observe
that the NEXAFS spectra are different from the spectra
obtained at or far from the interface (compare Figure 3a−c). A
similar behavior was observed for different diindenoperylene
(DIP) film structures deposited on gold27 and on silver,39 and
PEN deposited on PEDOT-PSS.10 Indeed, changes in structure
influence the electronic properties of the films, as seen for the
orientation dependence of Ip.

37 Structurally ordered DIP thin
films with different diffraction patterns have distinct valence
level spectra, characterized by different peak positions, line
widths, and relative intensities that correlate with the degree of
order and the molecular orientation.39 The investigation of
optical properties in PFP thin films shows that the singlet
exciton fission process strongly depends on the intermolecular
coupling, that is, on the crystalline molecular packing.40

Generally, structural properties impact on device perform-
ance.41 Thus, we conclude that the difference in the thickness-
dependent NEXAFS spectra not only has structural reasons but
is also due to the difference induced in the unoccupied
electronic states by those same structural differences.
The last aspect that we intend to analyze in this context is the

assembly morphology. The AFM image of a nominally 18 Å
thick assembly is characterized by isolated nanorods that, as
previously discussed, grow following two specific directions
(Figure 1a). With increasing the thickness of the assembly, the
nanorods are not isolated (see the AFM image in Figure 1b),
but they grow forming parallel assemblies of rods. We observe

this specific morphology in the same thickness range that
corresponds to a particularly round-shaped C 1s XPS main line
(see Figure 2a, the C 1s spectra for 18 and 24 Å thicknesses),
indicating a correlation between the two phenomena. This
assembly morphology may give rise to specific interactions
between the single F4PEN nanorods that consequently
influence the XPS line shape. When the assembly thickness is
high enough, this specific interaction is smeared by the overall
contributions and the XPS line shape comes back to the initial
“pointed” shape. Note that there is no change in the
stoichiometry dependence of the XPS signal for the various
films: They all fulfill the “intact molecule” requirement,32,42

Solid state effects on the XPS line shape and shake up
intensities are reported in the literature when comparing solid
state and gas phase spectra of several small molecules;26,43−45

however, this information was not yet correlated to
morphological investigation.

■ CONCLUSIONS

In conclusion, our multitechnique approach clearly indicates
the existence of a mutual correlation among electronic
properties, structure, and morphology in F4PEN nanorods.
We have discussed in the previous section the differences in IP
for F4PEN, PEN, and PFP, respectively: F4PEN Ip values agree
with the intermediate degree of fluorination and the
herringbone motif in the F4PEN nanorods.
Although the effect of functionalization on electronic and

structural properties, in particular by fluorination, was already
known,46−49 we find that it impacts also on the morphological
properties of the thin films. This intercorrelation is particularly
evident when analyzing the extensive work on PEN and PFP
published in the literature in light of our results. As a matter of
fact, the most striking differences involve film morphology.
Pentacene is known to grow on a variety of substrates and
different preparation conditions following layer-by-layer
(Frank-van der Merwe) or layers-plus-islands (Stranski-
Krastnov) growth modes, with dendritic or compact large

Figure 3. C K-NEXAFS spectra for nominal thicknesses of (a) 20, (b) 40, and (c) 175 Å measured for two different polarizations of the incoming
light, as indicated. (d) Sketch of the NEXAFS experiment geometry.
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islands.13,50,51 On the contrary, PFP exhibits lamellar or rod
island shape,52,53 while there is no evidence for smooth films.52

Indeed, pentacene has no barriers to surface diffusion and a
Schwoebel barrier of 7 kcal/mol.23,54 Specific substitutions,
increasing both barriers, influence the growth processes in its
derivatives,23 favoring the nanorod formation, also typical for
F4PEN. This can be understood in terms of different degrees of
steric hindrance; for example in pentacene with a methoxy
group as a substituent the steric hindrance is higher than in
fluorine-substituted pentacenes.23

Finally, it is also important to understand if this
intercorrelation has general relevance. In this respect, we have
analyzed the published results regarding phthalocyanines (Pcs)
and perylene derivatives. This analysis confirms that our
observation is not peculiar to the pentacene family, but it is a
general pattern in organic thin films. For example, CoPc, CuPc
and their fluorinated counterparts show pronounced differences
in the electronic and structural properties of their thin films;55

additionally, their morphology is remarkably different, also for
preparation at different substrate temperatures.56

Perylene derivatives show the same intercorrelation effects.
3,4,9,10-Perylentetracarboxylic acid dianhydride (PTCDA),
and DIP are among the most well-known and investigated
examples, with PTCDA and DIP forming well-organized and
stable films,57−62 and DIP having very good transport
properties.63 PTCDA thin films can be grown up to the
relevant number of 1000 layers keeping the molecular
orientation parallel to the substrate,64 DIP shows a transition
from well-organized upright-standing to well-organized flat-
lying molecules above 170 Å thickness (i.e., around nine
layers).61 Their island shape is also different: Sub-monolayers
of PTCDA form islands that have a quadratic shape on
Ag(100),59,65 and sub-monolayers of PTCDA deposited on
Ag(111) are characterized by dendritic islands66 (Ag(100) at
120 K and Ag(111) at 100 K). DIP does not show a similar
island morphology deposited on Ag(111) at 77 K.67 Its
branched film morphology is obtained, on the contrary, at
higher substrate temperatures on Au(111) single crystals.26,31

Recently perylene diimide (PDI) derivatives became popular
in view of their use in devices and have been proved to yield
excellent stable n-channel OFETs.68,69 Also PDI derivatives
show a variety of structures and morphologies depending on
substitutions,70−72 further enhanced by their solution process-
ability.73−79

Our present work and the preceding discussion undoubtedly
show that the intercorrelation of electronic, structural, and
morphological properties is a general feature and it has to be
taken into account when designing new molecules or
functionalizing existing ones, because a change in the chemical
structure affects not only the molecular electronic structure but
also the film morphology and the way the molecules assemble
in a film, leading to specific/different thin films electronic
properties.
On the other hand, this also represents an opportunity in

order to achieve high-performing devices: Chemical changes in
a molecule can be introduced, not only to change the electronic
and the structural properties but also to create the desired film
morphology, or it may be exploited as a tool for molecular
patterning of surfaces. This certainly will have an impact on the
device performance when the molecules are designed for
technological applications.
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(64) Umbach, E.; Glöckler, K.; Sokolowski, M. Surface “Architecture”
with Large Organic Molecules: Interface Order and Epitaxy. Surf. Sci.
1998, 402−404, 20−31.
(65) Ikonomov, J.; Bauer, O.; Sokolowski, M. Highly Ordered Thin
Films of Perylene-3,4,9,10-Tetracarboxylic Acid Dianhydride
(PTCDA) on Ag(100). Surf. Sci. 2008, 602, 2061−2068.
(66) Kilian, L.; Hauschild, A.; Temirov, R.; Soubatch, S.; Scholl, A.;
Bendounan, A.; Reinert, F.; Lee, T. L.; Tautz, F. S.; Sokolowski, M.;
Umbach, E. Role of Intermolecular Interactions on the Electronic and
Geometric Structure of a Large π-Conjugated Molecule Adsorbed on a
Metal Surface. Phys. Rev. Lett. 2008, 100, 136103.
(67) Huang, H.; Sun, J.-T.; Feng, Y. P.; Chen, W.; Wee, A. T. S.
Epitaxial Growth of Diindenoperylene Ultrathin Films on Ag(111)

Investigated by LT-STM and LEED. Phys. Chem. Chem. Phys. 2011,
13, 20933−20938.
(68) Jones, B. A.; Ahrens, M. J.; Yoon, M.-H.; Facchetti, A.; Marks, T.
J.; Wasielewski, M. R. High-Mobility Air-Stable n-Type Semi-
conductors with Processing Versatility: Dicyanoperylene-3,4:9,10-
Bis(Dicarboximides). Angew. Chem., Int. Ed. 2004, 43, 6363−6366.
(69) Weitz, R. T.; Amsharov, K.; Zschieschang, U.; Villas, E. B.;
Goswami, D. K.; Burghard, M.; Dosch, H.; Jansen, M.; Kern, K.; Klauk,
H. Organic n-Channel Transistors Based on Core-Cyanated Perylene
Carboxylic Diimide Derivatives. J. Am. Chem. Soc. 2008, 130, 4637−
4645.
(70) Lin, Y.; Zhan, X. Non-Fullerene Acceptors for Organic
Photovoltaics: An Emerging Horizon. Mater. Horiz. 2014, 1, 470−488.
(71) Musumeci, C.; Salzmann, I.; Bonacchi, S.; Röthel, C.; Duhm, S.;
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