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Thermally driven smoothening of molecular thin films: Structural
transitions in n-alkane layers studied in real-time
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We use thermal annealing to improve smoothness and to increase the lateral size of crystalline
islands of n-tetratetracontane (TTC, C44Hog) films. With in situ x-ray diffraction, we find an optimum
temperature range leading to improved texture and crystallinity while avoiding an irreversible phase
transition that reduces crystallinity again. We employ real-time optical phase contrast microscopy
with sub-nm height resolution to track the diffusion of TTC across monomolecular step edges which
causes the unusual smoothing of a molecular thin film during annealing. We show that the lateral
island sizes increase by more than one order of magnitude from 0.5 ym to 10 um. This desirable
behavior of 2d-Ostwald ripening and smoothing is in contrast to many other organic molecular films
where annealing leads to dewetting, roughening, and a pronounced 3d morphology. We rationalize
the smoothing behavior with the highly anisotropic attachment energies and low surface energies for
TTC. The results are technically relevant for the use of TTC as passivation layer and as gate dielectric
in organic field effect transistors. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4934501]

INTRODUCTION

Thermal annealing is an important process to improve
structural and functional properties of molecular thin films.
The increased temperature during the annealing process often
helps to heal crystal defects and to increase crystallite sizes. !
However, the structural definition at interfaces and surfaces
may also decrease due to molecular diffusion, dewetting, and
roughening.”? Organic molecular beam deposition (OMBD),
in particular, often leads to kinetically limited, non-equilibrium
structures and postgrowth annealing, therefore, can signifi-
cantly influence morphology and crystal structure.* Here, we
study in detail the annealing of alkane thin films using real-
time techniques. Alkane molecules with their simple, rod-like
molecular shape are a model system for more complex chain-
like organic molecules’”’ and are also important building
blocks, e.g., as side chains of polymers and can dominate
their crystallisation behavior.®”

Beyond its importance as a generic model system for
fundamental molecular processes, tetratetracontane (TTC),
in particular, is also of technological importance in organic
electronics as an encapsulation material for transistors and
biosensors in an aqueous environment,'®!'! where the active
layer is completely wetted by TTC and therefore fully
encapsulated.

In a different application, TTC has been incorporated in
field-effect transistors as a smooth gate dielectric on top of
a silicon gate.'>”'* In such devices, a TTC layer beneath the
active molecular layer is used to passivate traps at the substrate
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oxide surface and further leads to improved growth and larger
grain sizes of the on-top deposited semiconducting film. In
this application, it has been found that the performance of
ambipolar field-effect transistors can be improved by using
smoothed TTC layers.'”>”'7 The grain size of the on-top
deposited semiconducting film depends on the grain size of
the underlying TTC layer. Therefore, in addition to the goal
of achieving a fundamental understanding of organic thin film
annealing, there is also a technological demand to maximize
the TTC grain size.

TTC films'® and single crystals prepared from melts
have been analysed before and several crystal structures have
been reported in the literature. X-ray studies on Cq4Hgy and
structural changes of alkanes near their melting point range
back as far as 1930 by Miiller and are still subject of
recent studies.'®!? Single crystals grown from solution show
a monoclinic crystal structure with a d-spacing of roughly
52 A.21:2325 When exposed to temperatures near the alkane
melting temperature, a transformation into an orthorhombic
structure’”'823-27 with an increased d-spacing of roughly 58 A
can be achieved. In addition, a triclinic phase21 and also a
rotator phase®® have been reported. Unlike most materials,
alkanes feature a surface freezing behavior resulting in a higher
temperature of the ordering transition in two-dimensional than
in three dimensional systems.?*** Due to the surface freezing
effect, the melting point of the surface layer of an alkane melt
is increased compared to the bulk material.>' This behaviour
has been studied in detail by Ocko et al. who also found
a remarkably wide range lateral crystalline order in surface-
frozen alkane monolayers (MLs) of ~1 um 3?33

In this paper, we show that through annealing we can
achieve molecular thin films that have both large crystalline
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domains, and, importantly, also feature a smooth surface
morphology at the same time. However, heating beyond a
phase transition reduces the crystallinity again, so that a
trade-off between crystallinity and molecularly flat island
size has to be found. We relate the strongly anisotropic
attachment energies of TTC to its annealing behaviour and
show that anisotropic attachment energies can be used for
interface engineering with optimisation of both morphology
and crystallinity within the correct temperature range.

EXPERIMENTAL DETAILS

TTC (purity > 99%) was purchased from Sigma-Aldrich
and used without further purification. TTC molecules have
been evaporated and deposited in an organic molecular beam
deposition setup with a base pressure of 1.7 - 10~ mbar onto
silicon wafers with either a native oxide or a 300 nm thermal
oxide layer. After deposition, the TTC coated wafers were
transported to a glove-box via a transfer system and stored
under nitrogen atmosphere. In order to improve the contrast
in reflection optical microscopy, Si wafers with dry, thermally
grown 300 nm SiOy layer (Siegert) were used for additional
samples.

For time-resolved annealing studies, we applied reflection
optical microscopy to the TTC thin films and achieved contrast
between molecular MLs with heights below 1 nm. In the
setup, an Olympus AX70 microscope with 100x magnification
illuminates the sample with coherent monochromatic laser
light and a phase image is recorded by a CCD camera. Further
details on the setup can be found in Ref. 34. As the sample
holder in the microscope setup, a heating stage was used, which
opens the possibility to monitor molecular annealing-kinetics
in real space. For comparison, atomic force microscopy (AFM)
images with calibrated height resolution were recorded with an
Autoprobe CP from Park Scientific Instruments.> While AFM
offers superior resolution, our reflection optical microscope
has higher temporal resolution, greater thermal stability, and
it can also collect morphological information of very soft or
even molten molecular films.

The grown and annealed films were subsequently
analyzed in different x-ray geometries. Grazing incidence
wide angle x-ray scattering patterns have been recorded at the
P03 beamline PETRA III at DESY, Hamburg at a wavelength
of 0.957 A.3® The 2d area detector (PILATUS 300k) images
were converted to reciprocal space maps as described by Lilliu
et al.’” Grazing incidence x-ray diffraction (GIXD) patterns
and 6-26 scans of previously annealed samples were recorded
at ESRF ID03 beamline with 1.31 A wavelength.’® All x-ray
measurements have been performed at room temperature under
nitrogen atmosphere unless stated differently. The temperature
measurements of the in situ x-ray and the microscopy setup
differed by about 2 K and we estimate the overall error in the
temperature measurements to be +5 K.

RESULTS AND DISCUSSION

Evaporated TTC thin films undergo significant morpho-
logical and structural changes during thermal annealing. In

J. Chem. Phys. 143, 164707 (2015)
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FIG. 1. (a) GIXD pattern of TTC grown at RT shows intense Bragg (110)
and (020) Bragg reflections of textured, crystalline islands and a powder
diffraction ring originating from randomly oriented crystalline mounds (inset:
AFM image showing an area where both crystalline species appear). (b)
GIXD and AFM of the annealed sample that has been kept at 60 °C for 2 h.
The mound shaped crystallites as well as the diffraction ring disappear during
annealing and the lateral island size increases.

freshly grown films, TTC molecules arrange in two distinct
morphologies: flat, crystalline islands with monomolecular
step-edges and crystalline mounds of more than 100 nm in
height (see AFM insets in Figure 1). These two morphologies
have also been found by Kraus et al.'> Figure 1(a) shows
the GIXD pattern of the TTC film as deposited. At q
=1.50 A~! and q; = 1.66 A~, the (110) and (020) in-plane
reflections are visible which can be assigned to textured,
upright standing molecules with respect to the substrate.
Further, a ring-shaped diffraction pattern above the (110)
reflection is visible. This powder diffraction ring at |q|
= (1.5 £ 0.1) A" is due to randomly oriented TTC crystallites.
The ring-shaped diffraction pattern disappears when rising the
film’s temperature to 60 °C (Figure 1(b) and real time GIXD
in the supplementary material®®). As visible from the AFM
image (Figure 1(b), inset), the mound shaped crystallites are
also missing after this process. Hence, through annealing of
the film, the randomly oriented crystallites disappear. This
leads to the conclusion that untextured molecular crystallites
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FIG. 2. In situ x-ray reflectivity at different substrate temperatures. A phase
transition occurs between 77 °C and 83 °C, with phase coexistence at 80 °C
as suggested by the increased width of the (004) and (006) Bragg reflections.

are located in the mound shaped structures and that they are
in a thermodynamically less favorable confirmation than the
underlying textured molecular film.

To study the out-of-plane structure of the textured molec-
ular islands during the annealing process in N, atmosphere,
we make use of in-situ x-ray reflectivity (XRR).** As shown
in Figure 2, in the temperature range between 20 °C and
60 °C, we cannot find any significant changes in the reflectivity
signal. Annealing in this temperature range also increases the
crystallinity of the sample (see the supplementary material®’
for details). Both the films grown at room temperature as
well as films heated up to 77 °C show an out-of-plane
lattice spacing of (58.8 + 0.3) A. Together with the position
of the in-plane diffraction peaks (see the supplementary
material®), this is in agreement with the commonly known
orthorhombic crystal structure (a =4.98 A, b=744 10\,
c=115.2 A) 7182327

Further elevation of the substrate temperature from 77 °C
to 83 °C induces a phase transition to a high temperature
(HT) structure that is characterized by a significant decrease
of the out-of-plane lattice spacing. At about 80 °C, both crystal
polymorphs coexist, as can be seen from the increased width of
the Bragg reflections in Figure 2. The new phase persists even
after cooling down the sample to room temperature (see the
supplementary material®® for details), i.e., the phase transition
is irreversible. For this emerging phase, we find a reduced
out-of-plane lattice constant of (53.4 + 0.3) A similar to the
lattice parameter reported by Gorce et al.>' and Sullivan and
Weeks?? in single crystals. Through the reduction of the out-
of-plane lattice spacing from 58.8 A to 53.4 A, we estimate
the molecular tilt angle with respect to the surface normal to
be ¢ = 90° — sin~! (53.4/58.8) ~ 24°. An additional in-plane
diffraction peak at q, = 1.47 A~ (see the supplementary
material®®) corresponds to this HT phase. Bai et al. find a
similar in-plane diffraction pattern for a sub-monolayer of
Cs3,Hes on Si which also emerges with increasing temperature
and correlate it with surface frozen structures.*! The new lattice
spacing as well as the molecular tilt angle and the increased
in-plane lattice spacing of 4.26 A is consistent with the values
found by Ocko et al. for the surface frozen monolayers of
C44Ho.3? Therefore, we conclude that the HT structure, which
emerges at a critical temperature T¢, about ATy = 5 K below

J. Chem. Phys. 143, 164707 (2015)
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FIG. 3. Comparison between temperature dependent structures in thin films
and bulk crystals that highlights the similarities between the HT structure in
thin films and surface frozen monolayers. An offset in the absolute tempera-
ture values can be attributed to differing setups for thin film and bulk crystal
experiments.

the thin film melting point, shows apparent similarities to
surface frozen monolayers existing in a temperature range
ATsg = 1.3 K2 between bulk and melting temperature of the
surface frozen layer (see Figure 3). A comparable behavior
can be found for C30Hg, and has been correlated to its rotator
phase.*> The general similarity of molecular thin films and
surface frozen monolayers found on alkane melts close to
their melting temperature due to their similar dimensionality
has been previously highlighted by Witte and Wol11.43

We performed heating cycles on TTC thin films grown at
room temperature on substrates with a 300 nm SiOy layer with
the aim to characterize the molecular island size evolution,
which is relevant for technological use of TTC, but also serves
as a model for annealing of other rod-like molecules. To
gain real-time insights, the sample is monitored by reflection
optical microscopy while increasing the substrate temperature
(Figures 4(a)—4(d)). For reference, additional samples have
been heated to 60 °C and 82 °C, respectively, and cooled
down again to be analyzed by AFM (insets in Figure 4 have
the same scale as the optical microscopy images). The AFM
image of the as-grown sample (inset of Figure 4(a)) reveals
mound shaped structures on top of the film with a smaller
lateral dimension (below 300 nm) compared to the underlying
molecular terraces, but with heights of 100 nm and more. These
mounds are too small to be resolved in the optical microscope
with a lateral resolution of 500 nm and are only visible in
AFM. Heating the TTC film to 60 °C (Figure 4(b)) leads
to an increased lateral grain size from about 1 um to 5 um
and to a disappearance of the mound shaped crystallites as
mentioned above. Starting at temperatures above 60 °C, the
molecular islands grow significantly and reach diameters of
up to 10 um (average grain area in the order of 2.5 um?) at
82 °C (Figure 4(c)), which can be fully resolved with an optical
microscope. In this temperature range, the phase transition to
HT phase has already begun and there is phase coexistence
in the film (see the supplementary material®”). Further heating
of the sample leads to the formation of liquid TTC droplets
that result in Newton-rings in the microscope (Figure 4(d)) at
87 °C.

Since the optical microscopy allows us to record real time
data (see Figure 4(e) and the supplementary material® for
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FIG. 4. Top: Reflection optical microscopy images at different temperatures and corresponding AFM images (insets) for samples that have been heated to the
same temperatures and cooled down to room temperature again. Contrast from step edges of single molecular height is visible in optical microscopy. This enables
a real-time observation of annealing at different temperatures, starting with coexistence of islands and mounds on top in (a), the disappearance of mounds and
an increase of island size at 60 °C in (b), and a significant increase of island size at 82 °C in (c). At 87 °C, the TTC dewets into molten droplets (d). Bottom: (e)
Time series of optical microscopy images highlighting the smoothing of the film. Downhill transport of molecules in layer n (monolayer (ML) coverage 6,,) fills
holes in layer n —2 and increases layer coverage 6,,_; in layer n —1 (see graph of layer coverages (f)). Ostwald ripening leads to significantly increased island

sizes in the partially filled layer n—1.

a movie), the individual monolayer (ML) coverage has been
extracted** from an approximately 5000 um? sized area in
Figure 4(f). While the topmost layer n and higher structures
depopulate over time at a rate of —5 - 10~* ML/min at 82 °C, the
underlying layer n — 1 is filled at a rate of up to 10> ML/min.
Simultaneously, the number of islands and the corresponding
boundary length of both layers decrease which indicates
an Ostwald ripening process. The video footage (see the
supplementary material®®) of this process clearly indicates that
smaller islands coalesce with larger ones and that molecules
from the topmost layer are adsorbed in underlying layers
(downhill transport) resulting in a significant smoothing of the
film surface. Within a few minutes at temperatures of 5 K below
the melting temperature, the lateral dimension of ML height
islands increases drastically up to 10 um in diameter. Bai et al.
have observed a similar behavior in the case of C3yHg, close
to its melting point.*! Focusing on the lateral structure, the
model of 2d-Ostwald ripening explains the observed behavior
in terms of the Gibbs-Thomson effect: smaller crystalline
structures have a reduced melting temperature compared to
larger ones due to their higher fraction of surface atoms.*’
According to this theory, a molecular island suddenly dissolves
completely once its size falls below a certain limit*® — a
behavior clearly observable in our real-time microscopy data
(see the supplementary material®”).

Compared with other molecules such as pentacene
(PEN),*”*8 PTCDA,* or oligothiophenes,”> which tend to
roughen when heated to elevated temperatures, the 2d-ripening
and smoothing of a crystalline n-alkane thin film during
annealing is unexpected. In what follows, we contrast the
molecular kinetics and energetics of TTC with PEN, as a

prototypical molecule in organic thin film growth® that does
not show thermal smoothing but surface roughening.

During the annealing process, the kinetics play an
important role, so that it is instructive to compare growth
speeds in different crystallographic directions because fast
lateral and slow vertical growth favors 2d ripening. Already
the equilibrium crystal shape points to the fact that TTC
grows more in 2d fashion as its equilibrium shape is plate-
like3'"2 in contrast to the more 3d equilibrium crystal
shape of PEN.> Further, during the annealing process, the
growth speeds are governed by the attachment energies and
intermolecular forces of molecules to different crystal facets,
which we calculated in a simple Coulomb-London-Pauli force-
field model.>* For TTC, we find the head-to-tail attachment
energy to be only —2.5 kJ/mol while lateral attachment is
strongly favored at —334.0 kJ/mol. For pentacene in its bulk
structure, we calculated the respective attachment energies
to be —12.9 kJ/mol vs. —256.9 kJ/mol. The much stronger
anisotropy in attachment energies of TTC (1:140) in contrast
to PEN (1:20) contributes to the observed smoothing of TTC
films.

Beyond kinetics, the energetics of TTC and PEN as
well as the substrate surface have to be considered, since
a lowering of the surface and interface energies are major
contributions to the minimization of the Gibbs free energy
during annealing. Under annealing conditions, PEN exhibits
a phase transition from an orthorhombic thin film (TF) phase
towards its triclinic bulk crystal structure. This phase transition
goes hand in hand with a morphological change that lowers
the pentacene surface/volume ratio by forming 3d crystals
instead of a continuous film. As a result, the total surface



164707-5 Pithan et al.

mounds
disperse

island size
increases

unannealed

60° C

J. Chem. Phys. 143, 164707 (2015)

new crystal
polymorph

_island size
increases
drastically

FIG. 5. Sketch of the TTC surface morphology at different temperatures with indicated crystal structures.

energy increases whereas this loss is more compensated by the
reduction of the volume Gibbs free energy in the bulk phase.>
The observed smoothening of the TTC film in contrast leads
to the conclusion that in this case the reduction of the surface
energy plays the dominating role and that the volume Gibbs
free energy does not change much during the observed phase
transition towards the HT phase.

Taking a closer look at the surface energies of PEN and
TTC, a notable difference can be found in the absolute values
of the surface energies that range between 50 mJ/m? and
150 mJ/m? depending on the crystal facet for PEN® and
between 20 mJ/m? and 30 mJ/m? in the case of TTC.%” This
difference in the surface energies explains the distinct wetting
behavior of alkanes and aromatic molecules like PEN on silica
surfaces, which has a surface energy of (57.5 + 14) mJ/m?8
With its low surface energy, TTC is driven to wet both the
Si0; substrate and underlying alkane layers, as demonstrated
by Lazar et al. for C3pHgp und C36H74.3" In this study, also the
coexistence of a crystalline alkane phase and a liquid phase
has been observed, in contrast to PEN where only solid phases
have been found for the given annealing conditions.” This
qualitative difference is important in the context of ripening
and surface smoothing as the liquid phase allows for significant
mass transport across several ym.

CONCLUSION

Our results quantify the variety of technologically relevant
morphological and structural changes that TTC thin films
undergo during annealing. As illustrated in Figure 5, we
identify two stages in the annealing process of TTC films
grown at 20 °C that consist of both flat 2d islands and 3d
mounds. First, the crystalline mounds disappear at around
60 °C and, second, above 80 °C, the lateral dimension of the
TTC islands increases significantly and an irreversible phase
transition occurs. We find a remarkable smoothing and strong
lateral growth of flat islands which results from annealing TTC
thin films at temperatures close to the melting point. The use
of a phase contrast optical microscope enables us for the first
time to follow the annealing and downward flux across step
edges of alkane molecules in evaporated multilayer films and
demonstrates the promise of this technique for real time growth
studies. The flat molecular structures on large lateral scales
are particularly promising for the technological use of TTC
as a planar insulating layer and a template for pseudoepitaxial
growth of other organic semiconductors on top. We identify

the anisotropic binding energies and low surface energies as
key parameters for the favorable annealing properties. This
improves the understanding of organic thin film growth and
might help to tailor molecules with desired wetting properties.
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