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An understanding of the thin film growth modes of substrate-induced polymorphs allows a deeper
insight into the origin of this class of materials. Their onset of crystallisation, the subsequent crystal
growth, the evolution of the thin film morphology and the transfer to the equilibrium bulk structure are
still not fully understood. This work investigates the thin film formation of a conjugated molecule with
terminal alkyl chains. Thin films of 2,7-dioctyloxy[l]benzothieno[3,2-blbenzothiophene were grown
by physical vapor deposition on silicon oxide surfaces with varying the film thicknesses from the
sub-monolayer regime up to 33 layer thick films. Additionally, the substrate temperature and deposition
rate were varied. The films were investigated by atomic force microscopy, X-ray reflectivity and grazing
incidence X-ray diffraction. The first growth stage is a closed monolayer with a thickness of 3 nm
formed by upright-standing molecules. It is found that the substrate-induced crystal structure is already
formed within the first monolayer and continues its growth up to the largest investigated film thickness.
The characteristic morphology is terraced islands over the whole thickness range. On top of the first
monolayer a morphology with several terrace levels appears, which is associated with a rapid increase of
the surface roughness. At larger film thicknesses (=13 nm) the number of terrace steps does not
increase significantly, so that the surface roughness only increases slowly. This work shows that
molecules with terminal alkyl chains can form a substrate-induced phase up to large film thicknesses

rsc.li/materials-c

Introduction

In the field of organic semiconductors, charge-transport cap-
ability is dependent on the molecular and crystalline structure,
making the knowledge and control of the molecular packing
a key aspect in improving device performance. This is particu-
larly important in layers close to the substrate where the
majority of charge transport takes place, for example in organic
field-effect transistors. Due to the presence of the flat surface,
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without the appearance of the equilibrium bulk phase.

the substrate often induces a different polymorphic phase to
the bulk structure, a so-called substrate-induced phase (SIP)."
Despite the fact that these structures are often less energetically
favourable than the single-crystal or bulk structure, they can be
stabilized close to the substrate surface. The formation of a
substrate-induced phase starting from the first monolayers has
already been studied for different thin film preparation tech-
niques such as spin coating and physical vapor deposition.*”
However, detailed studies on the formation of a substrate-
induced phase for a molecule with flexible side chains are still
rare.>” In most cases, a pronounced layer-plus-island growth
mode is found where at first the formation of a closed mono-
layer is observed which is followed by the formation of islands
(Stranski-Krastanov growth).* ™ In the case of organic molecules
where intermolecular interactions dominate over the molecule-
substrate interactions, e.g. hydrogen bonded dye molecules,
distinct island formation - island growth mode or Vollmer-
Weber growth - is observed."* A defined layer-by-layer growth
(Frank-van der Merwe growth) is only observed in rare cases,
e.g. within the first mono-layers close to the substrate surface, at
phase transitions to liquid crystalline states, or where bimodal
growth is established."> ™
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Recently it has been observed that benzothienobenzothio-
phene (BTBT) based molecules show excellent transistor perfor-
mance within thin films.*® The control of the crystal structure by
thermal processing is a key factor for their successful use, since
liquid crystalline states and soft crystal phases are present in this
class of molecules."”'® Additionally, the thin film morphology is
of fundamental importance, since homogenous films with low
surface roughness provide defined and optimized conditions for
charge transport.'>*°

In this work, the film formation of a substrate-induced phase
formed by physical vapor deposition of 2,7-dioctyloxy[1]benzo-
thieno[3,2-b]benzothiophene (C80O-BTBT-OC8) is investigated
under different deposition conditions and for different film
thicknesses. Furthermore, its film formation properties and
film morphologies are determined. Previous studies on spin
coated films of C80-BTBT-OC8 demonstrated that it forms a
SIP in thin films converting to the bulk structure over time or by
solvent vapor annealing.”" Interestingly, the SIP shows a funda-
mentally different type of molecular packing than the bulk
crystal structure. While denser bulk crystals are layered with
slipped n-m stacking of the aromatic cores and interdigitation
of the molecules, the SIP shows a herringbone packing of the
aromatic cores.”® A schematic picture of the packing of the
molecules within the SIP is shown in Fig. 1, the full crystal
structure information is available from the CSD database under
the entry 1557531. Within this paper, we focus on the formation
of a substrate-induced phase starting from the first monolayers
together with the evolution of the thin film morphology as the
film thickness is increased up to 99 nm.

Experimental

2,7-Dioctyloxy[1]benzothieno[3,2-b]benzothiophene (C80-BTBT-
0C8) was synthesized following the previously reported procedure.”
Silicon wafers with a 150 nm thermally grown oxide layer were
used as substrates. Before deposition, the wafers were cleaned
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Fig. 1 Packing of the C80O-BTBT-OC8 molecule within the substrate-
induced phase in a front view along the c-axis (a) and in a side view along
[011] (b). The crystallographic unit cell is drawn by green lines, additionally
the (100) plane is drawn by thick black lines.
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first with acetone and then isopropanol in an ultrasonic bath
(15 minutes in each solvent) and dried with CO, gas. Within the
vacuum chamber the substrates were sputtered with Ar™ ions
at a pressure of 5 x 10> mbar for 10 minutes. The molecule
C80-BTBT-OC8 was filled in a steel Knudsen cell and deposited
onto the substrates by physical vapor deposition at a base pressure
of 1 x 10”7 mbar. Films with different nominal thicknesses, from
the sub-monolayer regime up to multilayers with thicknesses
of 99 nm, were prepared; the amount of deposited material was
determined by a quartz micro balance. Based on our ex situ
analysis of film thickness we found a frequency shift of
30 Hz nm™ ", Films were prepared at different deposition condi-
tions fixing the substrate temperature either at room temperature
orat 75 °C and the deposition rate (DR) either at 0.15 nm min ™" or
at 1.2 nm min .

Atomic Force Microscopy (AFM) measurements were per-
formed with a Multi-Mode IIIa-AFM from Digital Instruments
in tapping mode under ambient conditions. NSG30 cantilevers
from NT-MDT made of single crystal silicon with a tip curvature
radius of 6 nm and an opening angle at the apex of less than 10°
were used. The cantilevers had resonant frequencies ranging
from 320-361 kHz and typical force constants of 40 N m ™. For
AFM image analysis, the software Gwyddion was used.** Height
distribution functions (p) are plotted as a function of the
z-coordinate (perpendicular to the sample surface) with the
origin at the lowest observed z — height. The surface roughness
was determined in two ways; either directly from the height
scan and and/or from fitted height-height correlation functions
using different details of the micrographs. Error estimations were
performed by investigation of different areas of the AFM images
and taking the standard deviation.

Specular X-ray reflectivity (XRR) measurements were per-
formed using a PANalytical Empyrean reflectometer. The primary
side was equipped with a copper sealed tube for K, radiation
(4 = 0.15418 nm), a 1/32° divergence slit, 4 mm beam mask and
a multilayer mirror for a monochromatic and parallel beam.
The secondary side consisted of a 0.1 mm receiving slit and a
0.02 rad Soller slit together with a PANalytical PIXcel*” detector.
The intensity of the X-ray reflectivity data is plotted as a function
of the out-of-plane scattering vector g,, where g, = 4n/Asin(26/2),
with 20 being the scattering angle and 4 the wavelength of the
radiation used. For films of sub-monolayers up to thin multilayers
(up to 5 nm nominal thickness), the data were fitted using the
software Stochfit to determine an electron density distribution
across the film thickness using a model free approach.”® For
thicker films (starting from 13 nm thickness), the X'Pert Reflec-
tivity software package (PANalytical) was used to fit the reflectivity
data, the electron density modulation from the crystal structure
was used in the model fit.

Grazing incidence X-ray diffraction (GIXD) measurements
were performed at the Diamond Light Source (Didcot, UK)
on beamline 107.%° X-rays with a wavelength of 0.0992 nm
(12.5 keV) were used at an incident angle of 0.12°, slightly
below the critical angle of total external reflection of the
substrate to reduce the background signal. The exposure time
was varied from 5 to 300 seconds, depending on the intensity of

This journal is © The Royal Society of Chemistry 2019
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the diffracted signal as a function of the different film thick-
nesses. Diffracted intensities were measured using a Pilatus
2 M area detector (Dectris). Reciprocal space maps were calcu-
lated from the measured data using the xrayutilities library for
Python.”” The reciprocal space maps are compared with calcu-
lated diffraction patterns based on the SIP crystal structure of
C80-BTBT-OC8 by using the software PyGID.>®

Results

A Atomic force microscopy

In a first step, the thin film formation was investigated in
the monolayer regime. Fig. 2 shows AFM micrographs of sub-
monolayers with ~50% coverage prepared under different
conditions. The films show islands with a constant height
of 3.1 nm. This length is slightly smaller than the length of
the elongated molecule; a value of 3.0 nm is observed for the
molecular conformation present in the known crystal structures.”!
The lateral island size becomes larger when the substrate tem-
perature is elevated during the deposition process (Fig. 2b) and
becomes smaller when an increased deposition rate is used
(Fig. 2c). Comparison of the observed morphology to other
BTBT derivatives reveals similar island sizes, but a slightly
different island shape.?**® The observed island sizes can be
readily explained: (a) a larger island size at 75 °C substrate
temperature is due to an enhanced ability of the molecules to
migrate across the substrate surface and (b) a smaller island
size at higher deposition rates is due to an increased nucleation
rate of islands."’

In a subsequent step, the evolution of the thin film mor-
phology was investigated as a function of nominal film thickness.
Starting with a thickness of 3.3 nm, a closed first monolayer is
observed (Fig. 3a). The second monolayer starts to form flat
islands with an island height of 3 nm as can be clearly seen by
the height distribution function (Fig. 3e). At a nominal film
thickness of 5 nm the formation of a terrace like structure is
found (Fig. 3b) where three different terrace levels can be
observed. Increasing the film thickness to 13 nm (Fig. 3c) still
results in a terraced morphology. Height distribution analysis
reveals three dominant terrace levels with step heights of between
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2.8 nm and 3.1 nm (Fig. 3g). The terraced structure is also present
in a film with a thickness of 99 nm (Fig. 3d), here four primary
terrace levels are observed. Increasing the substrate temperature
during the film deposition process results in similar terrace-like
morphologies with a similar increase of terrace levels with film
thickness (Fig. S1, ESIt). However, the lateral extension of the
terraces increases considerably with increasing film thickness.
The observed evolution in the thin film morphology can be
compared to the film formation of other rod-like conjugated
molecules, e.g. pentacene. Similarities are present in the mono-
layer regime, islands with constant height are formed (but in
contrast with a dentritic shape), and the first monolayer closes
before the second monolayer nucleates on top. As in our case,
rapid roughening is observed on top of the first monolayer, and
terraced structures are observed in thicker films. However, in
the case of pentacene (and other rod-like conjugated molecules)
the number of terrace levels increases significantly with film
thickness.>**** In our case, the number of levels does not
increase significantly with film thicknesses (three and four terrace
levels are observed at 13 nm and 99 nm, respectively), indepen-
dent of the substrate temperature during the deposition process.

B X-ray reflectivity

The films were then investigated by X-ray reflectivity. Fig. 4a
shows the results from the films with thicknesses ranging from
3.3 nm up to 99 nm. Characteristic monolayer features are
observed for the lowest film thickness of 3.3 nm. With increas-
ing film thickness, Bragg peaks appear which can be assigned
to the substrate-induced phase of C80-BTBT-OC8.>"** Crystal-
lites are formed with the (100) plane parallel to the substrate
surface (compare Fig. 1). The films with thicknesses below
5 nm were fitted to obtain the electron density profile along
the sample normal. The result from the 5 nm sample is
depicted in Fig. 5, while the result for a sub-monolayer film is
given in the Supplementary Information. Fig. 5a provides the
experimental result together with the fit; the final electron
density profile is given in Fig. 5b. The electron density distribu-
tion is scaled to the electron density of the amorphous silicon
oxide of the substrate; a value of 670 nm* is taken.*

The electron density profile from the XRR can be compared
to the results from AFM. For this comparison the molecule has

10 nm

0nm

Fig. 2 Atomic force microscopy images of sub-monolayers with a coverage of about 50% prepared on silicon oxide surfaces (a) at room temperature
with a low deposition rate (0.15 nm min™3), (b) at a substrate temperature of 75 °C with low deposition rate and (c) at room temperature with a high

deposition rate (1.2 nm min~Y). The z-scales are 10 nm.
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Fig. 3 Atomic force microscopy images and height distribution functions of C8O-BTBT-OCS films prepared at room temperature at low deposition
rates (0.15 nm min~?) with different nominal thicknesses of (a and €) 3.3 nm (1.1 monolayers), (b and f) 5 nm (1.6 monolayers), (c and g) 13 nm
(4.3 monolayers) and (d and h) 99 nm (33 monolayers). The z-scale of the images (a—d) is 20 nm.

to be divided into segments with different electron densities:
side chains are assumed to have a lower electron density than
that of the aromatic core.’>* The values used are 282 nm > and
520 nm " for the aliphatic chains and the aromatic core,
respectively, their characteristic lengths are 0.9 nm and 1.2 nm,
respectively. In addition, the coverage of the different monolayers
has to be taken into account to obtain the final electron density
profiles. Based on the AFM micrograph (Fig. S2, ESIt), we found a
coverage of 94% for the first monolayer, 63% for the second
monolayer, 6% and 2% for the third and fourth monolayer.

Based on this information, the expected electron density
profile is plotted with vertical bars in Fig. 5b. The agreement
between the fitted electron density from the XRR data and the
calculated electron density from the AFM data is reasonably
good so that the orientation of the molecules within the first
monolayers can be determined. We find upright-standing
molecules in a nearly closed first monolayer and in a partially
covered second monolayer.

The X-ray reflectivity of the films with thicknesses of 13 and
99 nm (Fig. S4 and S5, ESIt) were fitted by assuming upright-
standing molecules with modulation of the electron density
according to the individual segments of the molecule (i.e.
aromatic core and aliphatic chains). The fit of the experimental
data is based on a stack of fully closed monolayers with a
partially covered top layer. For the 13 nm film, five closed layers
were used in the fit and, for the 99 nm film, 33 layers were
required to obtain a good fit. In both cases, film thickness
oscillations at low g-values (Kiessig fringes) as well as the
coherent film thickness (Laue fringes) around the Bragg peaks
could be clearly explained with the fits. Please note that the
crystal size (coherent film thickness) agrees very well with the
nominal film thickness. Detailed consideration of the XRR
curve of the 99 nm thick sample (Fig. 4a) reveals two separated

8480 | J Mater. Chem. C, 2019, 7, 8477-8484

critical angles of total external reflection. The first, located at
0.163°, is related to the organic film, the second located at
0.218° is related to the silicon dioxide substrate. Their positions
were determined by half of the intensity drops for the organic
film and at half of the intensity maximum for the silicon
dioxide substrate. Based on these values, the average electron
densities can be determined; values of 378 nm ™ and 677 nm >
are obtained for the two materials, respectively. The value for
the organic material agrees very well with the average electron
density from the different segments of the molecule used to fit
the experimental data, the expected value derived from the
known crystal structure of the SIP would be 371 nm . The
observed electron density of the silicone dioxide substrate
justifies the scaling of the electron density profile fits (Fig. 5b).
XRR curves from 13 nm thick films prepared under different
sample preparation conditions are shown in Fig. 4b. There are
no clear differences in the pattern, so that a similar morphology
as well as crystalline structure can be assumed for 13 nm films
with different preparation conditions. Also, the XRR curves of
the 99 nm thick films prepared under different sample preparation
conditions (Fig. 4c) are found to be similar to each other; however,
there are some distinct differences. While the two patterns of the
films which are prepared at room temperature (at low and high
deposition rates) show identical features, the films prepared at an
elevated substrate temperature are slightly different; the Laue
fringes in the vicinity of the Bragg peaks are less pronounced
and the Kiessig fringes close to the critical angles are missing.
In this particular case, a lower uniformity across the thin film
surface is present which accounts for the observed phenomena.

C Grazing incidence X-ray diffraction

The crystalline structure of the films was also probed by GIXD.
Fig. 6 shows diffraction patterns of films with nominal thicknesses

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Specular X-ray reflectivity of (a) films with different thickness

prepared at room temperature (RT) and a low deposition rate (0.15 nm min™,

low DR); and of films prepared at different conditions with a nominal thickness
of (b) 13 nm and of (c) 99 nm. The intensity scales are given for the blue curves;
all other curves are vertically shifted for clarity.

of 3 nm (one monolayer), 6 nm (a double layer) and 15 nm of a
multilayer film. In the cases of the 6 nm and multilayer films, clear
Bragg peaks are observed. In both cases calculated peak positions
and peak intensities (calculated from their structure factors) are
plotted based on the known structure of the substrate-induced
phase of the molecule C8O-BTBT-OCS8 with a 001 texture (i.e. the
molecules are upright-standing on the substrate surface).”” The
agreement between the measured data and the calculated peak
positions and intensities is very good, so it can be concluded that
this phase is present within the films presented here with a 100
orientation of the crystallites. In contrast, the diffraction pattern
of the monolayer film (Fig. 6a) shows Bragg rods rather than the
clear diffraction peaks which are observed for the thicker films.

This journal is © The Royal Society of Chemistry 2019
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Fig. 5 (a) X-ray reflectivity of a 5 nm thick film prepared at a substrate
temperature of 75 °C and at a low deposition rate (0.15 nm min™) with a fit
to obtain the electron density profile perpendicular to the surface normal
(z-direction), (b) electron density profile as obtained by the fit of the X-ray
reflectivity curve and a direct comparison with results of the atomic force
microscopy studies.

These rods reflect the two-dimensional order within the monolayer.
The g, position of the Bragg rods agrees quite well (within the
experimental resolution) with the Bragg peak series in the thicker
films. Along the Bragg rods, there is a progression in intensity: in
the first rod (located at gy, = 13.3 nm™ ') enhanced intensities are
found at ¢, = 1 nm™" and at g, = 3 nm™ ", the second rod (located
iy = 16.2 nm™ ") shows enhanced intensity at g, = 0.3 nm™". These
intensities reflect the alignment and conformation of the molecules
within the first monolayer.’® The similarities in the diffraction
patterns of the monolayer sample and the thicker films reveal that
the molecular order and orientation within the first monolayer is
comparable to the order within the substrate-induced phase struc-
ture of the molecule.

Discussion

The thin film growth of conjugated molecules on surfaces can
follow different scenarios which are typically described by a

J. Mater. Chem. C, 2019, 7, 8477-8484 | 8481
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Fig. 6 Grazing incidence X-ray diffraction data from films prepared at
room temperature at low deposition rates (0.15 nm min~?) with nominal
thicknesses of 3 nm/1 monolayer (a), of 6 nm/2 monolayers (b), and of a
multilayer film (c). Calculated peak positions and their structure factors
based on the known substrate-induced phase structure with a 001
orientation are shown by circles, where the size of the circle corresponds
to calculated intensity.

roughening of the film surface with increasing film thickness.
Amorphous films have a strong tendency to form smooth layers
up to very thick films.*® However, in the case where the film
crystallizes, the roughness typically increases considerably with
the film thickness.>” In the case presented here, there is a
crystalline film which shows the completion of the first mono-
layer before the onset of the second monolayer (compare Fig. 3a
and e). A slight increase of the nominal film thickness to 1.6
monolayers already leads to a terrace-like structure with three
terrace levels visible (Fig. 3b and f). This microscopic picture of
film growth could also be confirmed by X-ray reflectivity investiga-
tions (Fig. 5). After the first few monolayers, the number of terrace
levels at the film surface increases only slowly with the film
thickness: about three terrace levels are observed for film thick-
nesses of 13 nm and four levels for the 99 nm thick film.

8482 | J. Mater. Chem. C, 2019, 7, 8477-8484
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In a next step, the evolution of the surface roughness is
considered. Fig. 7 gives the surface roughness as a function of
the film thickness in a double logarithmic representation; the
values for the surface roughness are determined from the AFM
images. Assuming an exponential relationship between the
surface roughness (orms) and the nominal film thickness, a
fit of the experimental data reveals a growth exponent  ~ 0.1;
the fit is given in Fig. 7 by a thick solid line. The value for the
film with a thickness of 3.3 nm was not included into the fit,
since the thin film growth mode is different for the formation
of the first monolayer. For comparison, the random deposition
limit with a growth exponent f = 1/2 is plotted in Fig. 7. This is
expected for kinetic roughening assuming that the molecules
do not diffuse across different terrace levels.*® Such cases have
been experimentally observed;*>*® but also rapid surface
roughening is frequently observed with growth exponents of
B > 1/2.**> A growth exponent smaller than f§ = 1/2 reveals
that diffusion across step edges is possible, however the
detailed shape of the step edges play an important role for
overcoming the barrier.”*?

In our case, we can conclude that the surface of the terraces
is formed by collective layers of alkyl chains, as confirmed by
X-ray reflectivity fits (Fig. 5 and Fig. S3, ESIt) and the GIXD
results (Fig. 6), while the AFM investigations reveal sharp step
edges (Fig. 3). It has already been shown that step edges of
flexible alkyl chains support the diffusion between the different
terrace levels, as shown by a comparative study of pentacene
and alkylperylene-tetracarboxylic diimides.***>

The smooth film surface at large film thicknesses has clear
effects on the XRR investigations of the 13 nm and 99 nm films:
film thickness oscillations (Kiessig fringes) are observed close to
the angle of total external reflection (Fig. 4b and c). Additionally,
coherent crystal size oscillations around the Bragg peaks
(Laue fringes) are present which highlight uniform crystallite
thicknesses within the films. Since the film thickness is iden-
tical to the thickness of the crystallites, it can be concluded that
the film is built by continuous crystals throughout the whole

— (thickness)”2
e RT

— o 75°C

£

A=A

(2]

=

['4

b

1 " .%......I " " PP |

1 10 100
thickness [nm]

Fig. 7 Root mean square surface roughness (orms) for thin films of the
molecule C8O-BTBT-OC8 as a function of the film thickness. Values for
films prepared at a low deposition rate (0.15 nm min~?) at room tempera-
ture (RT) and at 75 °C are shown. The thick solid line represents a fit of the
experimental data by an exponential function to determine the growth
exponent f, the thin line represents a random deposition mode with a
growth exponent of § = 1/2.
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film thickness. The GIXD investigations reveal the presence of
the substrate-induced phase already in the first monolayer,
it can be concluded that the crystal growth starts at the first
monolayer and continues up to the final film thickness of 99 nm.
Interestingly, no transfer from the substrate-induced phase
to the bulk crystal structure appears at large film thicknesses.
In the case of pentacene, a critical film thickness of the
substrate induced phase is reported at 50 nm.*® The transfer
to the bulk phase is mediated by the dendritic shape of the
islands and by the large surface roughness of pentacene thin
films. Structural defects within single layers due to the dendritic
character of monolayer formation are present. In addition,
molecular disorder at step edges of terrace levels may play an
important role in the phase transition process.”””*® In the case
presented here, the low surface roughness together with the
layer-type crystallisation supports the continuous growth of the
substrate-induced phase up to large film thicknesses.

Conclusions

In summary, we investigated the crystallographic structure and
morphology of thin films of the molecule 2,7-dioctyloxy[1]benzo-
thieno[3,2-b]benzothiophene (C80-BTBT-OC8) grown on silicon
oxide surfaces. The films were prepared by physical vapor
deposition using different substrate temperatures (room tem-
perature and 75 °C) and different deposition rates (0.15 nm min ™"
and 1.2 nm min~"). The film thicknesses were varied from
1.5 nm (sub-monolayer regime) up to 99 nm (33 monolayers).
Combining X-ray reflectivity and atomic force microscopy with
grazing incidence X-ray diffraction data reveals that the mole-
cules form layers of upright-standing molecules with a layer
thickness of 3 nm; the upper surface of the layers is formed by
the terminal alkyl chains of the molecule. Terraced islands are
formed by stacking of the layers. These results reveal that
the migration of molecules at the thin film surface happens
predominantly at layers formed by alkyl chains. The low surface
roughness at large film thicknesses reveals that the molecules
have some ability to diffuse across step edges formed by
the different terrace levels. Additionally, it is observed that
the coherent thin film thickness (crystal size) agrees quite well
with the deposited film thickness. A transition from the
substrate-induced phase to the bulk crystal structure is not
observed in films with a thickness of up to 99 nm.
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