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Small n-conjugated organic molecules have attracted substantial attention in the past decade as they
are considered as candidates for future organic-based (opto-)electronic applications. The molecular
arrangement in the organic layer is one of the crucial parameters that determine the efficiency of a
given device. The desired orientation of the molecules is achieved by a proper choice of the underlying
substrate and growth conditions. Typically, one underlying material supports only one inherent
molecular orientation at its interface. Here, we report on two different orientations of diindenoperylene
(DIP) molecules on the same underlayer, i.e. on a few-layer MoS, substrate. We show that DIP
molecules adopt a lying-down orientation when deposited on few-layer MoS, with horizontally oriented
layers. In contrast, for vertically aligned MoS, layers, DIP molecules are arranged in a standing-up
manner. Employing in situ and real-time grazing-incidence wide-angle X-ray scattering (GIWAXS), we

Received 21st October 2019, monitored the stress evolution within the thin DIP layer from the early stages of the growth, revealing

Accepted 8th January 2020 different substrate-induced phases for the two molecular orientations. Our study opens up new
DOI: 10.1039/c9cp05728e possibilities for the next-generation of flexible electronics, which might benefit from the combination of

MoS, layers with unique optical and electronic properties and an extensive reservoir of small organic
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Small organic semiconductors based on n-conjugated molecules
attracted considerable attention in the past decade,' due to their
prospective applications in the area of flexible electronics.
Since most of the n-bonded molecules are anisotropic in shape,
the electrical and optical properties of organic thin films
strongly depend on molecular orientations with respect to

“ Institute of Physics, Slovak Academy of Sciences, Dubravska Cesta 9,
845 11 Bratislava, Slovakia. E-mail: nada. mrkyvkova@savba.sk

b Center for Advanced Materials Application, Slovak Academy of Sciences,
Duibravska Cesta 9, Bratislava 84511, Slovakia

¢ Institute of Applied Physics, University of Tiibingen, Auf der Morgenstelle 10,
D-72076 Tiibingen, Germany

4 Advanced Technologies Research Institute, Faculty of Materials Science and
Technology in Trnava, Slovak University of Technology in Bratislava,
917 24 Trnava, Slovakia

¢ Institute of Electrical Engineering, Slovak Academy of Sciences,
Dubravskad Cesta 9, 845 11 Bratislava, Slovakia

I European Synchrotron Radiation Facility, 71 Avenue des Martyrs, Grenoble 38000,
France

$ Photon Science, Deutsches Elektronen-Synchrotron (DESY), Hamburg 22607,
Germany

 Electronic supplementary information (ESI) available: Orientation of t-conjugated

molecules controlled by few-layer MoS, films. See DOI: 10.1039/c9cp05728e

This journal is © the Owner Societies 2020

the underlying substrate. This means that the efficiency of a
specific application is directly determined by the molecular
orientations.>™ For example, for rod-like molecules with the
transition dipole moment along the long axis, the lying-down
orientation is beneficial in organic photovoltaics to optimize
optical absorption and electric transport.>* On the other hand,
the standing-up orientation of molecules is usually favorable
for (in-plane) organic field-effect transistors (OFETs), where the
maximum charge-carrier mobility is observed in the direction
of m-stacking."®’” Generally, the required molecular align-
ment is achieved by selecting appropriate growth conditions
and/or substrates.> > The standing-up orientation is typi-
cally achieved on oxides, as in the case of the insulation layers
of many OFETs, where the van der Waals interactions among
the molecules are stronger than the molecule-substrate
interactions.>*"* The lying-down order is adopted on strongly
interacting substrates such as metals and semiconductors,”'*">
or on two-dimensional (2D) layers where the interactions between
the molecules and substrates are comparable or stronger.'"'®
We note that this classification is not universal, as other factors
concerning cleanliness and symmetry might affect the growth
direction as well.'*">'718
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In this study, we report on orientational control of diindeno-
perylene (DIP),"">*> one of the representatives of rod-like
n-conjugated molecules, by choice of few-layer MoS, substrates.
Few-layer MoS, belongs to a group of two-dimensional (2D)
transition metal dichalcogenides (TMDCs), which are receiving
attention due to their remarkable properties compared with
their bulk counterparts.**~>> TMDCs show a unique combination
of atomic-scale thickness, direct bandgap in the NIR-VIS range in
the case of a monolayer and advantageous electronic properties,
which not only make them interesting for fundamental studies,
but also for applications in optoelectronics, spintronics, flexible
electronics, energy harvesting, sensors etc.”>**®* The recent
advances in sample preparation (mainly driven by graphene
research) enabled fabrication and characterization of TMDCs,
where MoS, layers belong to the most widely studied ones.
There are several growth techniques for few-layer MoS, films,>®
predominantly leading to horizontally aligned atomic planes,
i.e. MoS, layers aligned parallel to the substrate plane. This
surface termination shows minimal roughness with no dangling
bonds, which is ideal for electronic devices and applications.?*>°
Recently, attention has also been paid to vertically aligned MoS,
layers. In the vertical configuration, the MoS, layers are aligned
perpendicular to the substrate, exposing the edge sites. As the
edges contain dangling bonds, the vertical alignment of MosS,
finds its application in various catalytic reactions, e.g. hydrogen
evolution electrocatalysis®' or water disinfection.*”

In this work, we utilized few-layer MoS, with both orienta-
tions of the atomic layers as the underlying substrate for
manipulating the molecular orientations. The MoS, layers were
prepared by the so-called one-zone sulfurization technique.*?
It has been found that the conditions under which sulfurization
takes place can be employed to control the resulting MoS,
orientation, enabling the preparation of both orientations
either by changing the thickness of the Mo base-layer** or
the rate of the sulfur heating. We show that the orientation
of MoS, layers directly influences the orientation of small
organic molecules and thus the overall physical properties,
e.g. optical absorption. These observations are of particular
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interest as they show the ability to orient the rod-like molecules
either in the lying-down or standing-up orientation on a single,
electronically relevant templating material, under the same
conditions of molecular growth. This phenomenon might find
its application in future (opto-)electronic flexible devices where
the marriage of TMDCs and organics could benefit from the

advantageous properties of both semiconducting materials.*>>®

Results and discussion

The thin MoS, layers used in this work were produced by the
rapid sulfurization growth technique®®**3*3” of Mo films. This
technique enables the fabrication of large-area MoS, crystalline
layers of high quality. Sulfurization of 1 and 3 nm thick Mo
films rulted in MoS, layers with a thickness of 3 and 9 nm,
respectively. Interestingly, the same growth conditions lead to a
different alignment of MoS, atomic layers in these samples.
The orientation of MoS, layers was determined by grazing-
incidence wide-angle X-ray scattering (GIWAXS), where the
002 diffraction with a g-vector magnitude of ~1 A™" was clearly
visible - see Fig. 1. The scheme of the GIWAXS setup can be
found in the ESI,{ see Fig. S1. For the 3 nm thick MoS, layer,
the crystallographic c-axis points along ¢,, i.e. parallel to the
substrate normal 7 (inset in Fig. 1a), indicating the horizontal
orientation of the MoS, atomic layers. On the other hand, for
the 9 nm thick MoS, layer the c-axis is perpendicular to the
substrate normal (inset in Fig. 1b), which implies the vertical
alignment of the layers. A weak 002 diffraction under the
“missing wedge**?° at 1 A™' suggests the presence of hori-
zontally oriented MoS, grains. However, their ratio to the
vertically aligned MoS, layers is marginal.

The orientation of the MoS, layers subsequently influences
the orientation of DIP molecules. Fig. 1 shows the 001 diffraction
peak positions of DIP layers (Bragg reflection at ¢ ~ 0.39 A™")
grown on 3 and 9 nm thick MoS, films. On the horizontally
aligned MoS,, we also detected the 110 diffraction peak
(g ~ 1.15 A™Y), see Fig. 1a. More diffraction spots were observed
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Fig. 1 Reciprocal space map measured in the GIWAXS geometry for a 12 nm thick DIP film grown on (a) 3 nm and (b) 9 nm MoS; layers. Both patterns
show the 001 Bragg reflection of DIP (g & 0.39 A™%) and the 002 Bragg reflection of MoS; (g ~ 1 A~%). The mutual orientations of the c-axes of DIP and

MoS, are schematically shown in the insets.
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for DIP thin films on a MoS, monolayer, which were used to
calculate the full set of unit cell parameters and the molecular
orientation within the unit cell.** For few-layer MoS, substrates
this was not possible because of the reduced intensity in
diffraction peaks other than 001. The detected diffractions
yield only the information about the unit cell orientation with
respect to the surface. In order to determine the molecular
orientation, one needs to know their position within the
crystallographic unit cell. Taking advantage of the recently
calculated orientation of the DIP molecules within the unit cell
on MoS, monolayers,*® we can conclude that the molecules
adopt the “lying-down” configuration on the horizontally
aligned MosS,. In contrast, for the vertically aligned MoS, films,
the DIP molecules are organized in the “standing-up” manner.
We note that this feature is not limited only to DIP molecules, but
it has more general validity and applies to other m-conjugated
systems as well. We observed the same character of molecular
alignment also for pentacene and 5,5-bis(naphth-2-yl)-2,2'-
bithiophene (NaT2) - more information about NaT2 molecules
can be found in ref. 41.

Furthermore, we would like to emphasize that the molecular
orientation is influenced solely by the orientation of the under-
lying atomic layers and not by the layer thickness. We observed
the lying-down orientation of DIP molecules also for 9 nm thick
MoS, layers, where the specific conditions of the sulfurization
enabled the horizontal alighment of the atomic layers.*> The
orientation of the molecules is thus given by the molecular
interaction with the underlying substrate. Both types of our
MoS, substrates show similar surface roughness (in the order
of a few nanometers), but different surface energy - being
higher for the vertically aligned MoS,.>® This agrees well with the
assumption that the vertical layers exhibit more dangling bonds
which are chemically active®” and readily oxidized. Consequently,
such an oxidized surface exhibits a weaker interaction with
the deposited molecules. On the other hand, the absence of
dangling bonds in the horizontally aligned MoS, layers causes
the molecule-substrate interaction being comparable with
the molecule-molecule interaction, which leads to the in-plane
molecular orientation.

In Fig. 1, a vertically doubled 001 diffraction peak can be
seen, which is caused by the substrate-induced total reflection
at small incidence angles.*®> This multiple scattering effect
is well described by the distorted wave Born approximation®*
and it is more pronounced in Fig. 1a. The lower peak of the
diffraction doublet represents a direct scattering channel
within the DIP layer. The upper peak arises as a combination
of two effects - the total reflection of the incoming X-ray beam
at the substrate/organic interface and the subsequent Bragg
diffraction in the organic film.*> The duplicity of the 001
diffraction is hardly visible for the ‘“standing-up’” molecules
in Fig. 1b, because it is partially shadowed by the ‘“missing
wedge”, which arises in the grazing-incidence geometry. Apart
from the above mentioned multiple scattering effect, an
enhanced diffracted intensity at the critical exit angle is visible
at ¢, ~ 0.03 A™* (exit angle o ~ 0.18°). In general, o coincides
with the critical angle of the scattering material. However, in
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this case, it corresponds to the average of the critical angles for
DIP and MoS, as both layers contribute to the scattering.***
Furthermore, we studied the time-evolution of the two
molecular orientations of DIP on MoS, during the growth.
We performed in situ and real-time GIWAXS measurements in
order to track the 001 diffraction positions for both samples.
The 001 diffraction position is related to the orientation and
magnitude of the unit cell vector ¢. The thickness dependence
of the ¢ parameter is shown in Fig. 2 for both molecular
orientations. The early stages of DIP growth were measured at
a synchrotron facility, where the intensity of the X-ray beam is
sufficient for the detection of even a few molecular layers.
The time-consuming measurements of the thicker layers were
performed in the laboratory. Unfortunately, the intensity of the
beam under the laboratory conditions does not allow for a
precise determination of the c-parameter for layers thinner
than 10 nm. We would like to note that we use the term
effective thickness throughout the whole manuscript to define
the thickness of the grown layers with standing-up and lying-
down molecules. The effective thickness indicates the laterally
averaged thickness of the DIP layer grown on the silicon
substrate in the layer-plus-island (Stranski-Krastanov) growth
mode.>'*?? In this mode, the molecular layers can be well
distinguished, and one can reliably measure their thickness.
Fig. 2 shows a similar evolution of the unit cell c-parameter
for both orientations of the DIP molecules. The c-parameter
continuously increases with the effective layer thickness up to
12 nm and saturates afterward. Clearly, the saturated value of
¢ is different for the two molecular orientations and neither of
them coincides with the c-parameter measured in the bulk
crystal.>® This indicates that we observe a heavily strained or
distorted structure, which may be considered a different bulk
polymorph. The bulk-phase polymorphism was recently found
also for pentacene,*® which is perceived as a model molecule
for organic film growth studies. For pentacene, different scenarios
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Fig. 2 The lattice parameter c for the lying-down (blue) and standing-up
(red) orientations of DIP molecules as a function of the effective layer
thickness. The solid points represent the data measured under the
synchrotron conditions while the open points stand for the data measured
under the laboratory conditions. The dashed grey line indicates the
c-parameter of the bulk DIP crystal (taken from ref. 20).
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of the thin-film to bulk phase transition were reported previously,
e.g. the independent nucleation and growth of the two phases®” or
the occurrence of the bulk phase at the critical thickness of the
thin-film phase.*®*° In our case, we observe a continuous transi-
tion between the thin-film and bulk phases, which is intrinsic to
the inorganic heteroepitaxial systems, typically.>® The continuous
variation of the c-parameter can be explained by a gradual
relaxation of the strain induced by the lattice mismatch between
the DIP layer and the substrate. The c-parameter increase might
indicate a gradual deflection of the molecules with respect to the
underlying substrate, i.e. reducing (enlarging) the angle between
the molecules and the MoS, layer for the lying-down (standing-up)
molecular orientation. An alternative explanation of the c-para-
meter increase might be that the molecules in the unit cell are
shifting away, each of them in the opposite direction of the c-axis.
In order to identify the actual case, further measurements
supported by additional calculations would be needed.*’

Now, we would like to focus on the morphology of the grown
molecules on the few-layer MoS, surface. It is known that
the standing-up and lying-down molecular orientations show
distinct growth modes,”>***'*? which we also confirmed by
AFM. Fig. 3 shows AFM images of DIP layers with different
orientations of molecules, which were grown on vertically
[(a), (b), (c) and (d)] and horizontally [(e), (f), (g) and (h)] aligned
MoS, layers. The scans were performed at several random
positions of the sample surface and the scanning area was
5 x 5 um?” for all samples. For vertical MoS, layers, the surface
is presumably oxidized because of the chemically reactive
dangling bonds. In this case, we assume that the molecules
grow in the layer-plus-island mode, similarly as on other
oxidized surfaces, such as SiO, or ITO.>?**3 The individual
layers are hardly distinguishable on vertically aligned MoS, due
to the grainy structure of its surface, see Fig. 3(a)-(d). It is
evident that the molecules cover the whole area of the exposed
surface. However, if the molecules are deposited on 2D substrates,
where the basal planes with a minimum number of dangling
bonds are the terminating surface, they will create isolated islands
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horizontal MoS, layers
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(Volmer-Weber growth mode).*>*" Island-type of growth was
indeed observed for the 3 nm thick MoS, layer, see Fig. 3(e)-(h).
Fig. 3 also shows the DIP layers with various effective thicknesses.
We observed the expected height increase with the increasing
effective thickness for the standing-up molecules [Fig. 3(a)-(d)].
For the needle-like islands in Fig. 3(e)-(h) we observe the same
tendency, ie. the height increase dominates the modification in
width and length. The average height of the islands is higher when
compared with the same effective thickness for the standing-up
molecules. This is in accordance with the fact that the same
amount of molecules is assembled on a much smaller area
(molecules are confined within the islands which have a much
smaller overall area than the whole substrate where the
standing-up molecules are evenly distributed).

In the following, we will discuss the optical absorption
properties of the two molecular orientations. The absorption
of the molecular layer is not only important in terms of the
efficiency of a potential photo-sensitive device,” but it also
encodes the geometric structure and confinement of the mole-
cules and thus the electronic and transport properties.>*™>°
Fig. 4 shows the absorption spectra measured for different
effective thicknesses of DIP layers in lying-down and standing-up
orientations of the molecules. The absorption of the DIP layer
was obtained by subtracting the absorbance of the bare MosS,
substrate (before DIP deposition). For the as-measured absorption
spectra (with MoS, layers) see Fig. S2 in the ESL.T The absorption
spectra for the lying-down molecular orientation in Fig. 4 show
a typical behavior for a molecular n-system.>® The spectrum
reflects the electron excitation from the highest occupied mole-
cular orbital (HOMO) to the lowest unoccupied molecular orbital
(LUMO), where the energy spacing between the individual
vibronic progressions is AE = 0.17 & 0.01 eV.>****” We note that,
strictly speaking, an electron-hole pair is excited, and the absorp-
tion energy does not exactly correspond to the HOMO-LUMO gap.
Nevertheless, for simplicity we adopt the terminology of a HOMO-
LUMO transition. We observed an energy shift of the lowest
vibronic subband (E,,) of the HOMO-LUMO transition with the
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Fig. 3 AFMimages of DIP layers grown on vertically (upper row) and horizontally (lower row) aligned MoS; layers. The effective thickness of the samples

was (from left) 2 nm, 3.5 nm, 6.2 nm and 12 nm.
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Fig. 4 Optical absorption spectra of DIP layers with different effective
thicknesses having lying-down and standing-up molecular orientations.
The absorption for lying-down and standing-up molecules is comparable
on a relative scale, being ten times larger for the lying-down orientation.
The inset shows the energy position of the first absorption peak Eqq versus
the effective film thickness for the lying-down molecular orientation.

increasing DIP thickness, see the inset in Fig. 4. The redshift
of Ey, with the increasing film thickness was also reported
by Heinemeyer et al. for various m-conjugated molecules.”®
It was attributed to the enhanced dielectric screening caused
by increasing molecular coverage.”>®**>°

Fig. 4 clearly shows a gradual increase of the absorbance
with an increasing DIP thickness for the lying-down orientation
of the molecules. For the standing-up molecules, no spectral
features are visible. This can be explained by a different
orientation of the molecular transition dipole moment p with
respect to the incident electric field E. In the studied energy
range, u is aligned parallel to the long molecular axis,* causing
a minimal projection to E for the standing-up molecules and a
maximal projection for the lying-down molecules (in the case of
realized normal incidence of light).> Accordingly, the absorp-
tion cross-section increases with the increasing DIP thickness
due to the favorable orientation of the n-rn* transition dipole.
Similar results were obtained for PTCDA molecules, which
typically adopt a lying-down orientation on different substrates
as well.>® Finally, we would like to stress that we also observed a
distinct character of the Raman spectra of the thin films with
the lying-down and standing-up molecular orientations. A brief
discussion of this phenomenon can be found in the ESL¥

Conclusions

In conclusion, we have studied the orientation of DIP mole-
cules on few-layer MoS, substrates with a different alignment of
the atomic layers. We determined the exact orientation of the
molecules employing the GIWAXS technique. We found that for
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the horizontally aligned MoS, layers, DIP adopts a lying-down
orientation, whereas the standing-up orientation of DIP is
inherent to the vertically stacked MoS, layers. Furthermore,
AFM measurements revealed distinct growth modes for the
two molecular orientations - layer-plus-island mode for the
standing-up and island-like (3D) mode for the lying-down
molecular orientations. The complementary optical measure-
ments of the absorption spectroscopy showed different spectra
of the molecules with respective parallel and perpendicular
orientations. The optical data confirmed the importance of the
proper molecular orientation in organic-based (opto-)electronic
applications (e.g. organic solar cells). The in situ GIWAXS
measurements enabled the determination of the crystallo-
graphic c-parameter in time, which in turn provides the infor-
mation about the stress evolution for the two perpendicular
molecular orientations. Additionally, we also observed two
bulk polymorphs grown on few-layer MoS,, having a different
structure than the bulk crystal obtained by the sublimation
technique under streaming gas.>°

Methods

Few-layer MoS, thin films were prepared by magnetron sputtering
of 1 nm and 3 nm thick molybdenum layers onto 0001 Al,O3
substrates. Mo films were subsequently sulfurized in vapors at
800 °C in the inert atmosphere of N,.>* The final thickness of the
produced MoS, films was 3 nm and 9 nm, respectively. The MoS,
characterization using the GIWAXS method showed a high degree
of film crystallinity and no residual Mo grains.

DIP thin films were prepared in a vacuum chamber by
organic molecular beam deposition (OMBD).°>! DIP powder
was heated up to 255 °C in an effusion cell and evaporated onto
the MoS, layers, which were annealed prior to the deposition in
order to desorb any unfavorable surface contamination. The
temperature of the substrates was kept constant at 50 °C during
the whole deposition. The pressure was below 2 x 10~° mbar
and the average deposition rate was ~1.5 A min~* (monitored
in real time with a quartz crystal microbalance).*® The GIWAXS
measurements were performed at ESRF (Grenoble, France) on
the ID10 beamline. The energy of the beam was set to 9.25 keV
(2. =1.34 A™") and the angle of incidence (;) was set to 0.2°. The
intensity of the X-ray beam was attenuated to 10'° photons per s
on a spot size of ~1 mm?, which was the highest possible that
did not damage the grown molecules on the time-scale of the
experiment. The DIP growth was performed in a custom-built
chamber outfitted with a 360° cylindrical beryllium window, in
order to reduce the scattering of the incident and outgoing
beam and to detect the wide-angle diffractions. The detection
was done using an area detector Pilatus 300K (Dectris) with a
320 pm thick Si sensor.

The ex situ absorbance spectra were measured using a UV-VIS-
NIR spectrophotometer Shimadzu SolidSpec-3700. The detected
energy range was from 1.6 eV to 2.9 eV with a spectral resolution
of 13 meV. The beam spot size at the sample was in the order of a
few millimeters, thus probing an average in-plane orientation for
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the lying-down molecules and the average out-of-plane orientation
for the standing-up molecules.
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