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Introduction

Novel highly substituted thiophene-based n-type
organic semiconductor: structural study, optical
anisotropy and molecular controly
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Peter Nadazdy, @2 Martin Hodas, ©¢ Ashin Shaji,? Vojtech Nadazdy,?

Mathias K. Huss-Hansen,® Matti Knaapila, ©¢ Jan Hagenlocher,®
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Martin Hulman, @ Alina Vlad,? Pallavi Pandit," Stephan Roth, @ " Matej Jergel, @ 3°
Eva Majkova, Alexander Hinderhofer,? Peter Siffalovic @3 and Frank Schreiber ¢

Oligothiophenes and their functionalized derivatives have been shown to be a viable option for high-
performance organic electronic devices. The functionalization of oligothiophene-based materials allows
further tailoring of their properties for specific applications. We have synthesized a new thiophene-based
molecule 1-[5'-(2-naphthyl)-2,2'-bithiophen-5-yllhexan-1-one (NCOH), and we have studied the optical
and structural properties of NCOH thin films. NCOH is a highly substituted member of the oligothiophene
family, designed to improve its molecular stacking, where the presence of an electron-withdrawing group
enhances its electron transport capabilities. Employing in situ and time-resolved grazing-incidence wide-
angle X-ray scattering (GIWAXS) measurements, we determined the NCOH thin film crystallographic
structure and its evolution starting from the early stages of the film growth. We observed strong optical
anisotropy resulting from a highly oriented crystallographic structure. Additionally, we investigated the
substrate-induced changes of the molecular orientation utilizing the few-layer MoS, with different
orientations of the atomic layers. This study, with its primary focus on the fundamentally important n-type
molecular semiconductor, contributes to the field of organic-based (opto-)electronics.

electronic properties, but the use of organic semiconductors
(OSCs) allows tuning of the device properties for more

Organic m-conjugated semiconducting materials have already
found applications in electronic devices, namely organic thin
film transistors (OFETs) and organic light emitting diodes
(OLEDs)."” Silicon-based semiconductors offer superior
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specialized applications like photosensors or chemosensors.
Unique features of OSCs such as transparency, flexibility, or
stretchability open new possibilities for electronic devices.* ™
The functionalization of OSCs allows tailoring of the (opto-)
electronic and structural properties required for new types of
devices that are not possible with the current silicon-based
technology.'*™*

Oligothiophenes belong to an extensively studied group of
OSCs, mainly for their high charge mobilities, light-emitting
properties, relatively simple preparation procedures, and
their compatibility with bendable/stretchable substrates. ®™°
Oligothiophenes can be further modified with a suitable
substitution to enhance or alter their electronic
properties.’®>' For example, substitution with an alkyl chain
group allows for better solubility in nonpolar solvents which
simplifies the preparation of large-area thin films by
solution-based methods.>*>* Moreover, end-capping the
oligothiophenes with a naphthyl group promotes crystallinity
and increases oxidation resistance.”® Introducing the
electron-withdrawing groups, one can increase the electron
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affinity of the molecule, achieving an n-type organic
semiconductor.>*">° However, adding the substitution groups
can significantly modify the structure of the thin film and
influence the optical and electronic properties of the device.
Hence, it is imperative to study the molecular packing and
structural features of thiophene-based thin layers and their
dependence on the underlying substrate.

We have chosen a promising candidate of oligothiophenes
compounds, namely 1-[5-(2-naphthyl)-2,2"-bithiophen-5-yl]
hexan-1-one (NCOH) that shows appealing characteristics for
organic-based (opto-)electronic applications. NCOH was
selected based on previous research of thiophene-based OSCs
functionalized with naphthalene core.*® The NCOH molecule
contains a naphthyl group at one end of the molecular chain
(see Scheme 1 below) to enhance the molecular ordering, as
well as its air stability.>**" The other end of the thiophene
chain is capped with an electron-withdrawing keto group
(C=0) to support electron mobility and promote the n-type
conductivity. Additionally, the compound is synthesized with
pentyl (-CsH;;) group which improves the solubility of the
NCOH molecules.*>**** What is more, the alkyl spacer
makes the NCOH molecule more flexible as compared to its
symmetric analog with two naphthyl endgroups.*”

In this paper, we exploit molecular orientation,
crystallographic structure, and optical anisotropy of NCOH
molecules grown on a silicon substrate and few-layer
molybdenum disulfide (MoS,). It is known that rod-like
molecules, such as NCOH, can usually adopt distinct
orientations depending on the interaction strength with the
underlying substrate.®® In the case of weakly interacting
substrates (inert/oxidized surfaces) where the intermolecular -1t
interactions prevail over the interactions with substrate,
molecules adopt the standing-up orientation, ie., with their
longer molecular axis perpendicular to the substrate surface.*’
On the other hand, a lying-down orientation of molecules is
observed for strongly interacting substrates such as metals or
two-dimensional materials.">*>**** We have chosen several
substrates to study the crystallographic structure of NCOH that
depends on a particular molecular orientation - Si substrate with
a native oxide layer and two types of few-layer MoS, substrates
with mutually perpendicular alignment of atomic layers.

Experimental section

Scheme 1 shows the synthesis of NCOH. The bromobithienyl
precursor 1 was synthesized by an electrophilic bromination
of hexanoylbithiophene 2 with N-bromosuccinimide (NBS).
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Scheme 1 Synthesis of NCOH oligomer.
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The target compound NCOH was prepared by Suzuki cross-
coupling reaction of 1 with 2-naphthylboronic acid pinacol
ester in 81% yield.

The NCOH was characterized by nuclear magnetic
resonance (NMR) spectroscopy and high-resolution mass
spectrometry (HRMS) to confirm the molecular structure of
the newly synthesized NCOH molecule. A more detailed
description of NCOH and bromobithienyl precursor synthesis
and the characterization results can be found in the first
section of ESIt (Fig. S1-S4).

The n-type properties of the organic semiconductor can be
described as preferential injection of the electrons from the
metal electrode into the semiconductor. In other words, the
n-type organic semiconductor must have a low lying LUMO
level (ideally between -3 eV and -4 eV), which corresponds to
high electron affinity.*>*® Functionalization of the conjugated
backbone with electron-withdrawing groups (such as: -NO2,
-C=0, -N=O0, -C=N2--) decrease the electron density from
the m-conjugated system. Such a decrease in electron density
leads to an increased electron affinity of the semiconducting
material.*> In our case, the carbonyl group (C=0) withdraws
electron from the m-conjugated core of NCOH molecule to
increase electron affinity, leading to LUMO level energy of
(=3.2 £ 0.1) eV as determined by EIS (see Fig. S5 in the ESIY).

Few-layer MoS, substrates were prepared by magnetron
sputtering of molybdenum layers onto 0001 Al,O; substrates.
Mo films were subsequently sulfurized in vapors at 800 °C in
the inert atmosphere of N,.*” The thickness of the Mo layer
determines the orientation of the MoS, atomic layers.’” The
MoS, characterization using the GIWAXS method showed a
high degree of film crystallinity and no residual Mo grains.

NCOH thin films were grown by the organic molecular
beam deposition (OMBD), i.e., a thermal evaporation method,
commonly used for the preparation of thin organic films.*>**
We used a custom-built vacuum chamber equipped with a
360° cylindrical beryllium window compatible with in situ
X-ray diffraction measurements.” NCOH molecules in a
powder form were heated to 135 °C and evaporated onto a
substrate. A constant deposition rate of ~1.5 A min?,
monitored by a quartz crystal microbalance in real-time, was
maintained during the whole thin-film growth. Before NCOH
deposition, the substrate was annealed at 320 °C to remove
possible contaminations and subsequently cooled down to a
stable temperature of 50 °C. The base pressure inside the
vacuum chamber was below 4 x 10~® mbar.

The grazing-incidence wide-angle X-ray scattering
(GIWAXS) measurements were performed at SOLEIL (Paris,

~O
| \ \S | CsHy1

s
1M Na,COs, Pd(PPhs), OO

toluene, reflux, 24 h
81% NCOH
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France) on beamline SIXS and at DESY (Hamburg, Germany)
on beamline P03. The energy of the X-ray beam was 12 keV
and 11.6 keV at SOLEIL and DESY, respectively. The intensity
of the beam was attenuated to 10*° photons per s, to prevent
X-ray induced photodegradation of the molecules on the
sample surface. The angle of incidence (¢;) was set to 0.2° for
all measurements. GIWAXS patterns were measured using
the XPAD 3.2. single-photon counting 2D detector (SOLEIL)
and Pilatus 300 K (DESY). The sample-to-detector (SDD)
distance was 218 mm for Si-XPAD and 148 mm for Pilatus
300 K.

Variable angle spectroscopic ellipsometry for NCOH thin
film on Si substrate was measured in the reflection geometry,
using the spectroscopic ellipsometer J.A. Woollam M-2000 (J.
A. Woolam, USA). Ellipsometric measurements were
performed in a wavelength range of 245-1700 nm, at the
angles of incidence varied between 50° and 70° with a step of
5°.

The thin film topography was measured using the
MultiMode8 (Bruker, USA) AFM in a PeakForce mode using
the ScanAsyst-Air tips (Bruker, USA). The resolution of the
AFM scans was 512 x 512 pixels.

Results and discussion

NCOH, in the powder form, was thermally evaporated on a Si
substrate (with a native SiO, layer), creating a thin layer of 15
nm. To investigate the structure of the NCOH thin films, we
employed grazing-incidence wide-angle X-ray scattering
(GIWAXS). The observed Bragg reflections in the GIWAXS
data (Fig. 1) indicate a good structural order of the NCOH
film. The diffraction peaks were visible for arbitrary in-plane
orientation of the sample, which suggests an isotropic in-
plane crystallographic structure also termed as a fiber-like
texture on the Si substrate. The isotropic scattering rings
originate from the vacuums chambers beryllium window.

The most intense peak at g, ~ 0.32 A™* results from the
(001) planes of the monoclinic lattice (see further) stacked in
the direction perpendicular to the substrate plane. The
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Fig. 1 Reciprocal space map (GIWAXS pattern) of 15 nm thick NCOH
thin film on Si substrate (intensity increasing from blue to white). Black
crosses indicate the Bragg peak positions calculated from
experimentally determined unit cell parameters.
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spacing of (001) planes along the reciprocal lattice c*-
direction is dgo; = (19.7 + 0.4) A. Taking into account the
length of the NCOH molecule (~19 A), we can assume that
the molecules are oriented in a standing-up manner with
respect to the substrate. Apart from the 001 Bragg peak,
diffraction peaks with non-zero & and k Miller indices are
visible as well. These peaks originate from the (110), (111),
(201), and (202) lattice planes and their sharpness indicates
good packing both in-plane as well as out-of-plane.

All measured Bragg reflections (001, 110, 111, 201, and
202) were utilized for the determination of the thin film unit
cell parameters a, b, ¢, a, B, and y. We fitted the intensity
profiles of the diffraction peaks with a Gaussian function in
both, g,, and g, directions, obtaining their reciprocal space
positions. Employing the genetic algorithm as the fitting
procedure,** the unit cell parameters were calculated. We
found that NCOH molecules in a thin film are arranged in a
monoclinic structure (space group P2,/m) with the unit cell
parameters: a = (8.4 = 0.1) A, b = (6.0 + 0.1) A, ¢ = (21.1 + 0.5)
A, and § = (99.6 + 0.3)°, where the given errors include the
error from the genetic algorithm calculations and the error
induced by the broad sample area probed by the X-rays (~1
mm?). The obtained unit cell parameters were subsequently
used to calculate the peak positions, as indicated by the
black crosses in Fig. 1. The calculated peak positions are in
good agreement with the measured Bragg reflections,
justifying the obtained values of the unit cell parameters.

In addition, we monitored real-time in situ GIWAXS to
study the evolution of the unit cell during the NCOH
deposition. Similarly to the post-growth calculations, a fit
with genetic algorithm was used to determine the unit cell
parameters from the measured Bragg reflections. Fig. 2
shows the dependence of the unit parameters on the NCOH
layer thickness. We note that the data could be reliably fitted
starting from a film thickness of ~3 nm (~1.5 monolayers),
when clear diffraction peaks appear. The obtained data show
a significant change in the c-parameter, while a, b, and f do
not vary substantially during the growth. We observe a
reduction of the c-parameter with increasing NCOH layer
thickness. A similar evolution of the out-of-plane lattice
spacing was reported by Hayakawa et al. in ref. 50 for
quaterrylene growth on Si substrate (we note that in our case,
the out-of-plane lattice spacing dyy; and c-parameter evolve in
the same manner, as § was found to be constant during the
growth). A change in the c-parameter leads to the unit cell
volume decrease by almost 12% for the final film thickness,
compared to the initial stages of the deposition. Contraction
of the unit cell suggests a reorientation of NCOH molecules
inside the unit cell, which appears as a result of the intrinsic
stress commonly observed during thin film
preparation.®”** %2

We further investigated the morphology of the molecular
layers by atomic force microscopy (AFM). Fig. 3 shows the
typical AFM images of NCOH films with different thicknesses
on the Si substrate. We observed a uniform molecular
coverage of the substrate and the Stranski-Krastanov growth

CrystEngComm, 2020, 22, 7095-7103 | 7097
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Fig. 2 Thickness dependence of the unit cell parameters a, b, ¢, and S, together with unit cell volume evolution during the NCOH deposition on Si

substrate.

Fig. 3 AFM images of (a) 15 nm, (b) 20 nm, (c) 25 nm thick NCOH thin films on Si substrate.

mode (layer-plus-island)**** was identified. Here, the bottom

layers are fully closed, while the last few layers are not
entirely connected, thus creating spatially separated islands.
This growth mode is not uncommon for molecular growth on
Si  substrates, forming so-called wedding-cake-like
structures.>*****> The upper layers form planar terraces
that are separated from each other by a uniform step of ~2
nm (see Fig. S7 in the ESI{). This monomolecular step is
consistent with lattice spacing dyo, calculated from the
GIWAXS pattern.

Furthermore, we studied the optical response of the
NCOH thin film on Si substrate. It is well known that
molecular anisotropy has a direct influence on the physical
properties of the thin film. The optical properties strongly
depend on the orientation of the molecules with respect to
the direction of incoming light, while the molecular packing
and n-n interactions of neighboring molecules influence the

7098 | CrystEngComm, 2020, 22, 7095-7103

electronic properties of organic films. Similar to many
commonly used n-conjugated organic semiconductors, NCOH
molecules have a rod-like structure. Consequently, we
expected strong optical anisotropy depending on the
molecular orientation. Fig. 4 shows the extinction coefficient
components in the directions perpendicular (k,) and parallel
(ky) to the substrate surface. The extinction coefficient was
determined by variable angle spectroscopic ellipsometry
(VASE). Details concerning the k,, and k, calculations can be
found in ref. 56. The extinction coefficient shows an
absorption increase at E = 2.75 eV (see Fig. 4), which can be
assigned to the width of the HOMO-LUMO bandgap. For the
standing-up molecules on Si substrate, we observed a
dominant k, component and only a weak absorption peak for
the k,, component. This suggests that the transition dipole
moment is oriented parallel to the long molecular axis of
NCOH. In other words, the orientation of the NCOH

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Extinction coefficient determined from UV-VIS-NIR

ellipsometry measured on 23 nm thick NCOH film on Si substrate. The
deconvolution of the k, coefficient into individual peaks is shown.

molecules can be derived directly from the ellipsometry
measurements since the magnitude of the extinction
coefficients is given by the relative orientation of the
molecular transition dipole moment (which, in our case, is
oriented along the long molecular axis) and the incident
electric field direction. Additionally, the k, component shows
four significant absorption peaks with an equidistant energy
spacing of AE = 0.2 + 0.01 eV. These peaks can be assigned to
different vibronic states of the electron S° — S' transitions
for the NCOH molecule.

In the following paragraph, we will discuss the effect of
the underlying substrate on the NCOH molecular orientation.
To do so, we employer few-layer molybdenum disulfide
(MoS,) underlayers with different alignments of the atomic
layers. In particular, we used MoS, substrates with either
horizontal or vertical orientation of the atomic layers with
respect to the substrate surface.”””” The orientation of MoS,
layers subsequently influences the orientation of small
organic molecules deposited on MoS, surface.*’

Fig. 5 shows the GIWAXS reciprocal maps of 15 nm thick
NCOH film grown on MoS, underlayers with two distinct
orientations of the atomic layer. The orientation of MoS,
layers can be determined from the position of the intense

”“H|||||HHHH||HH+HHH
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002 diffraction at ¢ ~ 1 A™". For the vertically aligned MoS,
layers, Bragg reflection is in the in-plane direction, i.e. along
Jxy, as the unit cell ¢-parameter of MoS, is oriented parallel
to the substrate plane (see Fig. 5a). In contrast, the 002
diffraction is in the out-of-plane direction for horizontally
aligned MoS, layers (see Fig. 5b). We observed that the NCOH
molecules deposited on top of the vertically aligned MoS,
layer are oriented in the standing-up configuration. Their
molecular orientation is the same as on the Si substrate
shown earlier. This is consistent with the fact that the
vertically aligned MoS, surface is oxidized due to the
presence of chemically active dangling bonds.?” Its surface is
thus amorphous, similar to the Si surface with native oxide.
The lack of diffraction peaks (other than 001 in Fig. 5a) from
the NCOH thin layer suggests a worse in-plane ordering on
MoS, compared to the Si substrate. This can be attributed
mainly to a higher surface roughness of the MoS, layer,
which is of the order of several nanometers®” (surface
roughness of Si surface is ~0.3 nm). The vertically aligned
MoS, layer consists of domains with vertically oriented
atomic planes that are randomly oriented in the plane of the
sample surface. The NCOH thin film replicates the random
in-plane crystalline orientation, causing a very low intensity
for crystal planes scattering in the in-plane direction.

In contrast, when NCOH molecules are deposited onto a
horizontally aligned MoS, layer, they adopt a lying-down
orientation, see Fig. 5b. The lying-down molecular orientation
results from a stronger interaction between NCOH molecules
and horizontally aligned MoS, layers, when comparing with
the vertically oriented MoS, layers. The different strengths of
the interaction result from different surface energies of the
two MoS, atomic orientations (for more details see ref. 37).
Similarly, as in the case of vertically aligned MoS, layers, only
the 001 diffraction from NCOH is visible due to higher MoS,
roughness (vertically and horizontally aligned MoS,
underlayers showed similar roughness). It has been shown
that the in-plane molecular ordering can be improved when
the molecules are deposited on two-dimensional substrates,
e.g., graphene or MoS, monolayer.**>®

1.2

0.9 1 2 \521
S 7z 20
<L ] 4 6 8 10 12 14
\':‘ 0.6 Effective Thickness (nm) |
o

0.3

0.0 IS '

0.0 0.3 0.6 0.9 1.2
yy (A7)

Fig. 5 Reciprocal space map of 15 nm thick NCOH film deposited on a few-layer MoS, substrate with (a) vertical and (b) horizontal alignment.
The intensity increases from blue to white. The insets show the calculated evolution of the crystallographic c-parameter with increasing NCOH

thickness.
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From the measured GIWAXS patterns, it was not possible
to determine the full set of unit cell parameters because of
an insufficient number of detected diffractions. However, the
approximate c-axis length and its evolution with NCOH
growth can be determined from the 001diffraction peak
position. Based on the previous genetic algorithm calculation
of NCOH structure on the Si substrate, we did not expect any
significant changes in other unit cell parameters during the
molecular growth. The ¢-parameter evolution with NCOH film
thickness is shown in the insets of Fig. 5. For NCOH grown
on the vertically aligned MoS, layer, we observed a similar
decrease of the c-parameter as for the thin film grown on the
Si substrate. The similar evolution of the c-parameter is not
surprising, as in both cases, the molecules interact with
amorphous oxidized surfaces. On the other hand, for NCOH
grown on a horizontally aligned MoS,, we did not observe
any significant change of the c-parameter. It seems that in
this case, the interaction between the molecules and the
substrate allows the formation of a stress-free film. The
stress-free layer does not influence the length of the c-axis.
We note that we use the term “effective thickness” for the
lying-down molecular layer, as the molecules do not form
closed layers but rather separated islands on horizontally
aligned MoS, (see Fig. S8 in the ESIf). For the unclosed
layers, the layer thickness is thus hard to define. The effective
thickness is related to the total amount of molecules
deposited on the substrate, which is the same for both MoS,
layers, regardless of the thin film morphology. Using the
effective thickness even for the unclosed layers, enables
direct comparison of c-parameter for the lying-down and
standing-up molecules.

Conclusions

In conclusion, we have studied the molecular orientation,
crystallographic structure, morphology, and optical properties
of NCOH thin film. We found that NCOH forms crystals
when thermally evaporated on the underlying Si and few-
layer MoS, substrates. GIWAXS measurements showed that
the molecules grow in a standing-up configuration on the
oxidized surfaces (Si and vertically aligned MoS, layers). The
molecules grew in a mode similar to Stranski-Krastanov,
where the initial layers were fully closed, gradually being
arranged into the so-called wedding-cake structure at the top
of the film. Consistently with the GIWAXS results, the
ellipsometry measurements confirmed the molecular
orientation on Si substrate, showing pronounced absorption
spectra for the out-of-plane component of the extinction
coefficient. On the other hand, a lying-down molecular
orientation was observed for the strongly interacting
horizontally aligned MoS, layers. Furthermore, we have
determined the crystallographic structure of the NCOH thin
film on Si substrate and its evolution with film thickness.
The reduction of the c-parameter with increasing layer
thickness for the standing-up molecular orientation was
attributed to the continuous tilt of the long molecular axis

7100 | CrystEngComm, 2020, 22, 7095-7103

View Article Online

CrystEngComm

within the unit cell. For the lying-down molecules, we did not
observe any significant change of the c¢-parameter during the
growth.
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