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We studied vibrational properties and the effect of beam kinetic energy on perfluoropentacene (PFP) thin films
grown by supersonic molecular beam deposition (SMBD) technique on gold surfaces. Though similar growth
mechanism was observed for different beam kinetic energies, in the case of low coverage (less than 1 monolayer)
films and for low deposition rates significant differences were observed in the properties of films grown by using
helium and argon carrier gasses with the former case resulting in higher average grain size. For multilayer films
however there were no significant differences between helium and argon grown films. Vibrational properties
were investigated by using Infrared Scattering-type Scanning Nearfield Optical Microscopy (s-SNOM) on clean
and m-carborane-1-thiol (M1) coated template-stripped gold (TSAu) substrates. For both substrates thick PFP
films (15 nm) had similar spectra whereas there were significant differences in the spectra of thin films (1 nm)
due to PFP-substrate interactions. Davydov splitting of the IR modes were observed for both 1 nm and 15 nm

films indicating similar molecular arrangements in both type of films.

1. Introduction

Organic semiconductors (OSs) continue to enjoy intense research
efforts due to their promising properties and advantages over their
inorganic counterparts in electronic device applications, such as light-
emitting diodes (LEDs), thin-film transistors (TFTs), and photovoltaic
cells (PVCs).[1-5] Most molecular adsorption studies have focused on a
few layers of OSs on different types of substrates in which molecule-
—molecule and molecule-substrate interactions are dominant.[3,5-12]
These layers govern the interface properties and hence control charge
carrier injection efficiencies along with other electronic properties.
[9,13] Within these layers, molecules are arranged with two types of
packing; herringbone and n-stacking. While the herringbone arrange-
ment in OS crystal structure exhibits high charge mobilities, these values
increase further with the n-stacking. [6] Controlling the molecular
orientation in OS thin films and gaining an understanding of film growth
mechanisms play an essential role in designing organic electronic de-
vices with improved performance.

Perfluoropentacene (PFP) is composed of five linearly arranged
benzene rings, terminated with F atoms.[14-16] Contrary to its cousin,
pentacene (PEN), PFP is an n-type organic semiconductor and acts as a

* Corresponding author.
E-mail address: danisman@metu.edu.tr (M. Fatih Danisman).

https://doi.org/10.1016/j.apsusc.2022.152690

donor. While PFP-PEN heterostructures on metal surfaces have been
studied heavily[7,13,17-22], growth mechanism of pure PFP films have
not been investigated thoroughly.[11,16,23-28] However, for
improving the device performance, understanding and controlling the
OS-metal interface is very crucial. For instance, increasing the grain size
was shown to improve the electron mobility in PFP thin film transistors.
[29] In addition, ionization energy of OS-metal interface depends on the
orientation of OS molecules and was shown to increase when PFP
orientation changes from lying down to standing up on the surface.
[1,3,5] On clean metal surfaces PFP molecules assemble in a lying-down
n-stacking structure in the monolayer whereas they form a herringbone
structure in the multilayer. [16,18,22,25,26,30,31] To control the
orientation and other properties of OS monolayer films on metal sur-
faces several strategies have been utilized. Engstrom and coworkers [32]
have employed different organic self-assembled monolayers (SAMs) on
Au surfaces and were able to grow standing up PFP monolayer films
whose island density strongly depended on the terminal group (surface
energy) of the employed SAM. In addition, they were able to control
island density by tuning the deposition rate (DR) which is a common
approach in organic film growth by vacuum thermal evaporation.[33-
35] Supersonic molecular beam deposition (SMBD) was demonstrated as
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Fig. 1. Schematic diagrams of supersonic molecular beam deposition system (left), organic beam source used (middle-top) and the sample holder with QCM (middle-
bottom). Local thickness of the films as a function of distance from the film center (film profile) is shown (right). Figure retrieved from [40].

Table 1

SMBD source working parameters during PFP film growth.
Carrier Gase He Ar
Nozzle Diameter (um) 150 150
Stagnation Pressure (bar) 0.25 0.25
Evaporation Temperature (°C) 320+ 10 340 £ 10
Nozzle Temperature (°C) 175+ 10 175 + 10
Kinetic Energy (eV) 12.8 1.28

another approach to improve film quality in OS monolayers by con-
trolling the kinetic energy of the deposited organic molecules during
film growth. By using this technique, improved TFT performance and
film quality was shown for PEN films.[36-39] Recently, we reported PFP
film growth by SMBD on surfaces with different hydrophobicities and
showed mean grain size and dendricity of the PFP monolayer film to
increase with decreasing deposition rate and increasing hydrophobicity
of the substrate.[40]

Here, we report the effect of kinetic energy on the nucleation and
growth mechanism of PFP films on template stripped gold (TSAu) sur-
face. We used SMBD technique to tune the kinetic energy of PFP mole-
cules and studied the resulting films by contact angle measurements and
atomic force microscopy. We also provide scattering-type scanning near-
field optical measurements (s-SNOM) of PFP films on TSAu and m-car-
borane-1-thiol SAM coated TSAu (M1) surfaces with the aim of
providing insight to the vibrational properties of PFP films which so far
have sparsely been studied only by conventional techniques.[41,42]

2. Experimental section
2.1. Substrate Preparation

Template-stripped gold (TSAu) and m-carborane-1-thiol self-

assembled monolayers on TSAu (M1) were used as substrates. TSAu
films were produced by following the procedures described before.
[40,43] M1 substrates were obtained by keeping TSAu films in 1 mM
ethanolic solution of m-carborane-1-thiol (Purchased from Katchem
spol. s r.0., Czech Republic and used as received) all day long at room
temperature. After taking off the substrates from the solution, the
rinsing and drying processes were carried out with ethanol and Ng
stream, consecutively. Morphological and electronic properties of these
substrates were reported before [40] and their roughness values were
reported as 0.2 nm (for TSAu) and 0.4 nm (for M1).

2.2. PFP thin-film Preparation

The SMBD system consists of two high vacuum chambers separated
by a shutter in front of the skimmer. These are the organic beam source
(OBS) chamber in which PFP molecules are evaporated, and the sample
holder chamber (SH) in which substrates and quartz crystal microbal-
ance reside. High-capacity diffusion pumps pump each vacuum chamber
and their operation pressures are Pgy: 5 X 10 Torr and Pops: 1 x 107
Torr. A schematic representation of the SMBD system used in this study
is given in Fig. 1.

The source chamber consists of a Pyrex tube with hundreds of mi-
crons diameter hole, and in this pyrex tube, a quartz spoon (which will
be referred to as source) containing the organic molecule is enclosed.
The spiral heater causes the organic material placed in the source to
evaporate in the flow of a carrier gas (usually helium, argon, or
krypton). Evaporated molecules in the quartz tube mix with the carrier
gas and the resulting mixture expands supersonically into the vacuum.
During the production of a supersonic organic beam, the source and
nozzle temperatures are controlled. Substrates and QCM on a moving
mechanism can be inserted into and removed from the beam path. In the
first step, the QCM is taken to the beam path and the flux of the material
(deposition rate) to be grown in the beam is measured. Then the sample
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Fig. 2. Contact angle values of PFP films grown with He and Ar carrier gas with a nominal deposition rate of 0.025 A/s vs. nominal film thickness measured by QCM.
Static (black-square), advancing (red-circle) and receding (green-triangle) and hysteresis (blue and black triangle) are plotted. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 3. Atomic force micrographs, 2.5x2.5 um?, of 2.5 nm nominal thickness PFP thin films (top). For both He and Ar grown films images were recorded at different
positions from the film center (Pos.). Corresponding effective thicknesses values (Thick.) are also provided in the figure. Coverage vs. Thickness plots obtained by
combining effective thicknesses data extracted from different nominal thickness films.
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Fig. 4. AFM images (top) and grain size analysis (bottom) results for 0.5 nm
(DR: 0.015 and lower than 0.01 A/s) PFP films with carrier gases He (solid
square), and Ar (open square).

(substrate) is inserted into the beam path, and the film growth process
continues until the desired thickness film is obtained (by monitoring
deposition time). By varying the source temperature and/or the pressure
of the carrier gas, the flux and kinetic energy of the organic matter in the

beam can be controlled. In addition, the speed (kinetic energy) of the
organic matter in the beam can be increased by raising the temperature
of the micro-nozzle and/or reducing the mass of the carrier gas (for
example using helium instead of argon). Kinetic energy due to the su-
personic expansion of the molecules in the lighter carrier gas can be
estimated by the following equation:

Ekin = g Porganic RTNozzIe (1)
mavemge

where FEyi, is the kinetic energy; Thozze is the nozzle temperature;
R is the gas constant; and Morganic and Mayerage are the molar mass of the
organic molecule and average molar mass, respectively. In our previous
studies with PEN [36,44], under the standard SMBD working conditions,
kinetic energies were measured by time of flight measurements for both
He and Kr carrier gases (2.2 eV and 0.2 eV for He and Kr, respectively)
and these results were in the same range with those calculated by eqn.
(1) (5 eV and 0.4 eV for He and Kr, respectively). [39] The SMBD source
parameters employed in this study for the growth of PFP are summa-
rized in Table 1. For tuning the PFP kinetic energy two different carrier
gases (He and Ar) were used while keeping the nozzle temperature
constant. By assuming infinite dilution, the upper limit for the kinetic
energy of PFP molecules can be calculated to change from 12.8 eV to
1.28 eV by changing the carrier gas from He to Ar, respectively.

The area on the substrate covered by the film can be controlled by
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Fig. 5. AFM images (top) and grain size analysis (bottom) results for 1 nm (DR: 0.025, 0.015 and lower than 0.01 A/s) PFP films with carrier gases He (solid square),
and Ar (open square).
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Fig. 6. AFM images (top) and grain size analysis (bottom) results for 2.5 nm (DR: 0.025, 0.015 A/s) PFP films with carrier gases He (solid square), and Ar (open
square) for 2nd and 3rd layers.
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Fig. 8. Absorption spectra (top row) and SNOM absorption amplitude (bottom
left) and AFM height image (bottom right) for 1 nm and 15 nm PFP on TSAu.

changing the distance between the skimmer and the sample holder. In
this study this distance was kept at 3 cm which results in a circular film
with a diameter of about 12 mm. Effective (local) thickness values can
be obtained by performing AFM analysis over 2.5 um x 2.5 um regions
located at different distances from the film center which shows a
Gaussion film profile with a central homogenous region of 5 mm
diameter as shown in Fig. 1. The effective thickness values at the center
of the film are in agreement with nominal thicknesses determined by
QCM.

In this study, all the films were grown with a nominal deposition rate
(DR) of 0.025 A/sto study the effect of beam kinetic energy and 0.05 Ass
for investigating the vibrational properties of PFP thin films. The
deposition rates given in the results part correspond to the effective
deposition rates and the thicknesses given are the effective thicknesses
(unless otherwise is explicitly mentioned). For each set of growth pa-
rameters at least 3 parallel samples (3 different samples with the same
growth conditions) were prepared and data (contact angle and AFM)
were collected from at least 3 different points on each sample.

Applied Surface Science 586 (2022) 152690
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Fig. 9. Absorption spectra (top row) and SNOM absorption amplitude (bottom
left) and AFM height image (bottom right) for 1 nm and 15 nm PFP on M1.

2.3. Contact angles

Static and dynamic contact angle measurements were performed
with deionized water on an Attension Theta Lite optical tensiometer at
room temperature. Water droplets of approximately 2.0 pL were placed
on sample surfaces and a charge-coupled device (CCD) camera was used
to capture the images at 20 frames per second, described in detail pre-
viously.[40,43] Recorded angles are subject to an error of + 0.1°.

2.4. Atomic force Microscopy

AFM studies were performed with an Ambient AFM/MFM (Nano-
magnetics instruments, Ankara). Contact mode measurements were
performed by using Al coated silicon PPP-CONTR probes, in constant
force mode with a set-point of 0.1 V. All measurements were performed
in ambient air at room temperature. AFM images were processed by
using Gwyddion software (version 2.53). All AFM imaging procedures
were described in detail previously. [40]

2.5. Scattering-type Scanning Nearfield Optical Microscopy (s-SNOM)

Infrared Scattering-type Scanning Nearfield Optical Microscopy (s-
SNOM) measurements were performed at Turkish Accelerator and Ra-
diation Laboratory (TARLA) Experimental Stations in Ankara Univer-
sity, Institute of Accelerator Technologies. A s-SNOM setup (Neaspec
Gmbh, Germany) equipped with a mid-IR DFG laser (average output
power of about 600 pW) with wavelengths 5-15 pm was used in this
work. Measurements were performed in tapping mode using a Pt coated
AFM probe (NanoWorld Arrow NCPt) with a tapping frequency of ~
250 kHz and a tapping amplitude of 60 nm. An AFM test grating (Si
wafer) was used to obtain a reference spectrum before the chemical
characterization of samples. Infrared near-field imaging and obtaining
hyperspectral spectroscopy with chemical identification was performed
by asymmetric Michelson interferometer. Full spectra were recorded
from 2.5 pm x 2.5 pm region at 10.6 ms per pixel with a 2 cm ™ spectral
resolution. The resulting interferograms were detected by a Mercury-
Cadmium-Telluride (MCT) detector in the spectral range of 800-1700
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Fig. 10. Comparison of vibrational spectra of PFP films on TSAu and M1 in the region between 1000 and 890 cm ™ (top and middle rows). Schematic representation

of characteristic C-F in-plane stretching modes(bottom row) as retrieved from [42].

cm ! (Channel-B) with a spot size of approximately 50 nm (commercial
value is about 20 nm and this value is directly depending on the tip
curvature and sharpness). In our measurements, absorption amplitude
images were taken from 3 parallel samples (3 different samples prepared
with the same growth conditions) to assure reproducibility, and ab-
sorption spectra were extracted from 10 different points from each of
these images. In the results sections representative spectra are shown.

3. Results and discussions
3.1. Contact angle measurements

CA values versus nominal film thickness are shown in Fig. 2, for PFP
films grown with different carrier gases. For both carrier gases, static
and dynamic CAs increase gradually with thickness and, after 2.5 nm,
advancing CAs converge to about 110°, which indicates that after 2.5
nm thickness, TSAu surfaces are completely covered with PFP films.
Though the contact angles for both types of films are very close to each
other, which points to similar film morphologies, in the case of Ar carrier
gas they are slightly lower suggesting minor differences in the film
structure as will be discussed in the following section.

3.2. Grain analysis of kinetic energy effects on PFP films

In Fig. 3, AFM images and coverage vs. thickness plots for PFP films

on TSAu grown by using He and Ar carrier gases are shown. Fig. 3 shows
coverage versus thickness plots that were obtained by using AFM grain
analysis from different nominal thickness films (1 nm, 2.5 nm, and 4
nm). Similar to what was observed in our previous study [40], the PFP
growth follows a layer + island mechanism with different carrier gases
as well, where the first layer completely wets substrate surface and
second and other layers start to form needle-like grains on this first layer
immediately. PFP films were reported to show similar behavior on other
surfaces before. [1,32,40,45] For both carrier gases, the 2nd layers start
to form even before 1st layer is completed. The grain shapes are also
similar: 1st layer has circular grains and the overlayers’ grains are more
elongated/rectangular. Coverage-thickness plots show that each layer
follows a similar growth mechanism for different kinetic energy (Fig. 3
bottom row). However, in the case of Ar gas, 2nd and higher-order layers
start to grow sooner than those with He.

Grain size analysis for 0.5 nm thick films is provided in Fig. 4 for
different deposition rates along with representative AFM images. As
expected, as the deposition rate decreases, mean grain size (MGS) in-
creases, and accordingly grain density decreases. [32,40,46-48] Grain
density changes from 1.5 grains/pm? to 0.5 grains/um?, as DR, de-
creases from 0.015 to less than 0.01 A/s for both gases which implies
that carrier gas type does not affect grain density significantly. On the
other hand, MGS, dendricity, and average boundary length (ABL) are
significantly different for He and Ar when the DR is less than 0.01 A/s.
Such a difference, however, is not present for the DR of 0.015 A /s. This
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finding implies that changing the kinetic energy of the PFP molecules
results in a difference in the film properties only for low deposition rates.
ABL, MGS and the dendriticy of grains increase as DR decreases for both
gasses. However, the amount of increase is significantly larger for He:
MGS values increased by 2.1 and 1.4 times, ABL values increased by 2.2
and 1.5 times and dendricity increased by 1.3 and 1.1 times for He and
Ar, respectively. This observation indicates that film growth is affected
by the DR more significantly when the carrier gas is lighter (kinetic
energy is higher). Considering that the films obtained with both carrier
gases are grown on the same substrate, this result shows that varying the
carrier gas (hence beam kinetic energy) affects the film formation. Grain
heights are similar for both carrier gases and are about 1.5 nm. This
value is equal to the length of PFP molecules indicating standing up
molecules on the substrate surface.

Grain size analysis and comparisons for 1 nm thick films as a function
of DR and carrier gas are provided in Fig. 5 along with representative
AFM images. Though carrier gas type doesn’t affect grain density
significantly, in the case of Ar, grain density remains a little higher than
its He counterpart. As discussed above, grain shapes for the 1st layer are
almost circular in both cases. As expected, dendriticy order increases,
while DR decreases from 0.025 to less than 0.01 A/s. As DR decreases,
ABL and MGS values increase similarly for both He and Ar gases, and
similar results have been seen in 0.5 nm films. However, for the same
DRs, ABL and MGS values are higher for He than those for Ar. This could
be directly related to the kinetic energy of the PFP molecular beam. [49]
Because in the case of high kinetic energy, PFP molecules impinging the
surface may have higher diffusion length on the surface, so they will
have a higher probability to encounter nucleated clusters on the surface
and tend to combine with those clusters to create larger grains more
quickly. In contrast, PFP molecules impinging the surface with the low-
energy state will form smaller grains on the substrate as the diffusion on
the surface may be limited. For this reason, grain densities are higher
(inversely MGSs are lower) in the low-energy state. In addition, the fact
that static contact angle results for 0.5 nm and 1 nm films (see Fig. 2) are
slightly higher in the case of high kinetic energy than in the case of low

kinetic energy also indicates that the film formation is faster in the high
energy state.

Fig. 6 shows the AFM images of 2.5 nm thick PFP films grown with
different DRs and the corresponding grain size analysis for the 2nd and
3rd layers. In 2.5 nm thickness films, the 1st layer completely covers the
substrate for both carrier gases, and the 2nd and higher layers form
needle-like grains on this 1st layer. For both 2nd and 3rd layers, none of
the analyzed parameters (ABL, dendricity, MGS, and grain density)
change significantly with DR and carrier gas. This implies that in the DR
and thickness range studied, multilayer film growth is insensitive to
carrier gas type.

3.3. Infrared Scattering-type Scanning Nearfield Optical Microscopy (s-
SNOM) results of PFP thin-films

Fig. 7 shows ATR spectra recorded for PFP powder to act as a
reference for s-SNOM studies. PFP molecules exhibit very strong vibra-
tional modes between 1750 and 650 cm ™}, indicating which region we
need to focus on to determine the vibrational properties of PFP mole-
cules. It can be clearly seen from the ATR results that the strong ab-
sorption modes are at around 1600 em™!, 1300-1500 ecm ™}, 1250 cm ™},
1100 cm ™Y and 1000-850 cm ™!, The peaks between 1000 and 850 cm ™
can be associated with PFP’s characteristic C-F in-plane stretching
modes. At 1250 cm ™! and 1100 cm™}, PFP has C-F asymmetric and
symmetric stretching modes, respectively. The peaks around 1500 cm ™
can be attributed to C = C stretching modes. Finally, the very broad peak
between 1500 and 1250 cm ! is due to the existence of water.

AFM/s-SNOM images and total absorption spectra of 1 nm and 15 nm
PFP thin films grown on TSAu and M1 by using helium carrier gas with a
deposition rate of 0.05 A/s are given in Fig. 8 and Fig. 9. For comparison,
ATR results of PFP powder are shown as well in total absorption spectra.
The absorption peaks in the s-SNOM spectra can be seen to have shifted
to higher energies than those in the ATR. In the thin-film phase, such
shifts are understandable due to substrate-molecule interactions. [42]
The absorption amplitude images can be considered to be analogous to
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Fig. 12. Comparison of vibrational spectra of PFP films on TSAu and M1 in the region between 1300 and 1240 cm ™! (top and middle rows). Schematic repre-
sentation of vibrational modes around 1280 cm ! (bottom row) as retrieved from [42].

AFM phase images and the darker regions indicate IR active areas on the
surface which correlate with the PFP covered parts (or island tops)
visible in the AFM height images. Below, different regions of the IR
spectra will be discussed in detail:

A comparison of characteristic C-F in-plane stretching modes on
TSAu and M1 is given in Fig. 10. Based on theoretical calculations of PFP
molecules, characteristic C-F/C-C in-plane stretching modes were re-
ported to be at 920 (1st peak), 933 (2nd peak), 974 (3rd peak), and 980
(4th peak) cm’l, in the literature. [15,42,50] Breuer et al. [42] showed
that for PFP molecules adsorbed in lying flat configuration, with
n-stacking, there are only two peaks arising between 1000 and 900
cm™}; these results were confirmed by both experimental measurements
and theoretical calculations. The single-molecule DFT calculations and
n-stacking (PFP molecules absorb in lying down geometries) experi-
mental results are compatible with each other, and peaks arise at 933
and 980 cm ™! (DFT results are given in Fig. 10). In the case there exist a
second oriented species within the unit cell (as in herringbone packing),
characteristic vibrational modes are split, known as Davydov splitting.
In the study of Breuer et al., when the PFP molecules absorb in standing
up geometries, these two characteristic peaks split and were observed at
920 (1st peak), 933 (2nd peak), 974 (3rd peak), and 980 (4th peak)
cm L. This observation was explained to be a result of herringbone
stacking arrangement in the crystal structure of PFP films.

Since our results show 4 peaks for both 1 nm and 15 nm films it can
be concluded that the crystal structure for both thicknesses is similar
with standing up molecules oriented in herringbone fashion. Never-
theless, there still exist some differences as will be discussed below:
When the spectra of the identical thickness films on different substrates
are compared (Fig. 10 top row) it can be seen that there is a larger
difference between the 1 nm films which is most probably due to
different substrate-molecule interactions. For 15 nm films, however, the
spectra are pretty similar (especially for 3rd and 4th peaks) for different
substrates. This is also expected since at this thickness the films show
bulk-like properties regardless of the substrate. When spectra of
different thickness films on the same substrate (Fig. 10 bottom row) are
examined, on TSAu 1 nm and 15 nm films can be seen to have very
similar structure apart from the low energy shoulder around 960 cm-1
peaks. For the films on M1 however, there is considerable change in the
spectra with changing thickness.

A comparison of vibrational modes around 1500 cm ™! and 1100
cm™! is shown in Fig. 11. For 15 nm films, the spectra recorded on M1
and TSAu are very similar due to bulk like the structure of the “thick”
films (Fig. 11 top row) and there is a significant difference in the in-
tensities and the positions of the peaks for 1 nm and 15 nm films (Fig. 11
bottom row). In the case of 1 nm films, spectra strongly change with
changing substrate due to PFP-substrate interactions. For instance, for 1
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nm film on M1, there is a strong peak at 1475 cm ™! while this peak has a
much lower intensity and shifted to higher energy on TSAu. Finally,
since all the peaks in these regions are associated with modes with
transition dipole moments parallel to the long molecular axis, no
Davydov splitting is observed.

C-F/C-C asymmetric stretching vibrational modes around 1270 cm ™!
are shown in Fig. 12. [51] Interestingly the peak positions and in-
tensities are almost identical for 15 nm and 1 nm films on both sub-
strates with the position of 1264 cm ! on TSAu and at 1279 cm ™! on M1
(Fig. 12 bottom row). In addition, peak profiles are significantly
different for different substrates even in the case of 15 nm films (Fig. 12
top row). This behavior is the opposite of what have been observed for
the other regions discussed above.

4. Conclusion:

Coverage-thickness plots evolve quite similarly for both carrier gases
after the completion of the 1st layer and indicate a layer plus island
(Stranski-Krastanow) growth mode. In the case of Ar gas, the 2nd and
3rd layer start to grow on the TSAu surface sooner than those of He.
Considering the contact angle measurement results, it can be concluded
that TSAu substrates, up to 2.5 nm PFP film thickness, are not covered
completely and the CA values are relatively higher in the case of high
kinetic energy (carrier gas He), which shows that the film formation is
faster in the high kinetic energy state. Although the film formation
mechanism seems similar for both gases it is clear that ABL, dendricity,
MGS (and grain density inversely proportional to MGS) values are much
higher for He when compared with Ar for low coverage films. As DR
decreases, ABL and MGS values increase similarly for both He and Ar
gases. Grain heights are also similar for both carrier gases and are about
1.5 nm and indicate that the molecules are standing up along their long
axis on the substrate. s-SNOM results indicate that molecular arrange-
ment (packing) in PFP films is similar for both thin-film and bulk phase
with the herringbone arrangements evidenced by the Davydov splitting.
The shifts in 1 nm films compared to 15 nm films, points to a different
molecular environment of PFP molecules, which could be attributed to
strong intermolecular interactions between PFP molecules and
substrates.
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