Downloaded via GEORGIA INST OF TECHNOLOGY on October 24, 2022 at 09:19:45 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEJAPPLIED MATERIALS

XINTERFACES

Research Article

www.acsami.org

F-Center-Mediated Growth of Patterned Organic Semiconductor
Films on Alkali Halides

Darius Giinder, Valentin Diez-Cabanes, Andrea Huttner, Tobias Breuer, Vincent Lemaur, Jérome Cornil,

and Gregor Witte*
I: I Read Online

Article Recommendations |

Cite This: ACS Appl. Mater. Interfaces 2022, 14, 46086—46094

ACCESS | [l Metrics & More ’ Q Supporting Information

ABSTRACT: Organic semiconductors combine flexible tailoring of their B e iradation
optoelectronic properties by synthetic means with strong light—matter coupling, DNTT
which is advantageous for organic electronic device applications. Although spatially =) R
selective deposition has been demonstrated, lateral patterning of organic films with =

orientational control patterning

simultaneous control of molecular and crystalline orientation is lacking as
traditional lithography is not applicable. Here, a new patterning approach based on
surface-localized F-centers (halide vacancies) generated by electron irradiation of L,
alkali halides is presented, which allows structural control of molecular adlayers.
Combining optical and atomic force microscopy, X-ray diffraction, and density
functional theory (DFT) calculations, it is shown that dinaphthothienothiophene
(DNTT) molecules adopt an upright orientation on pristine KCl surfaces, while the F-centers stabilize a recumbent orientation, and
that these orientations are maintained in thicker films. This specific nucleation results also in different crystallographic morphologies,
namely, densely packed islands and jagged fibers, each epitaxially aligned on the KCI surface. Spatially selective surface irradiation
can also be used to create patterns of F-centers and thus laterally patterned DNTT films, which can be further transferred to any

dissolution

~=ll=-

POMS  film transfer

(including elastomer) substrate due to the water solubility of the alkali halide growth templates.

KEYWORDS: DNTT, organic semiconductors, film patterning, color center, density functional theory

1. INTRODUCTION

Organic electronics is a rapidly growing field of interest which
promises cost-effective and low-temperature device processing,
even enabling the realization of flexible electronic devices."”” A
particular advantage of organic semiconductors and chromo-
phores is the tailoring of their electronic properties through
targeted synthesis instead of laborious band structure
engineering necessary for inorganic semiconductors. However,
device processing also requires lateral structuring and
patterning of the semiconducting films, which remains
challenging for molecular materials since photolithography is
not applicable due to the radiation sensitivity and lack of
chemical robustness in the etching process of these materials,
causing their degradation.” Therefore, alternative approaches
are necessary, which are based on a spatially selective
deposition (using shadow masks, inkjet or gravure print-
ing’ ™), controlled nucleation on pre-structured substrates
(using inorganic surface patterns’ or printed self-assembled
monolayers’), or subsequent removal of material (by means of
molding,8 laser ablation,” or nanoscratchinglo). In addition,
control of the molecular aggregation and patterning of films by
laser illumination during the deposition was also demonstrated,
which is caused either by local heating of the substrate
surface'’ or by suppression of specific domains due to
orientation-selective optothermal heating.'” In view of the
anisotropic optoelectronic properties of molecules and

© 2022 American Chemical Society

7 ACS Publications

crystalline molecular solids, controlling the molecular and
crystalline orientation of such functional films is also an
important requirement to exploit this anisotropy. While
orientation control is typically not possible when printing
molecular layers, this can be achieved by vapor deposition of
molecular films onto suitable substrate surfaces (such as oxides,
metals, salts, and two-dimensional (2D) materials) and by
exploiting template effects.'” This approach often also yields
epitaxial molecular films on crystalline inorganic substrates' "'
and sometimes even leads to new, interface-stabilized phases.'®
While such template-mediated growth works well on uniform
substrate surfaces, laterally structured molecular adlayers also
require patterned template substrates, which poses quite a
challenge when aiming to use (single) crystalline templates. In
a more general context, the challenge of patterning van der
Waals bound molecular materials and heterostructures is that,
due to their low interaction strength, small modifications or
additional interactions can have significant structural implica-
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tions that are so far incompletely understood and hardly
predictable.

Here, we present a novel patterning method based on the
controlled generation of surface-localized F-centers (halide
vacancies) on alkali halide substrates created by electron or X-
ray irradiation, which affects the molecular orientation upon
nucleation and thereby also the resulting film structure in a
controlled manner. For the newly available organic semi-
conductor dinaphthothienothiophene (DNTT), which com-
bines distinct chemical inertness with high charge carrier
mobility'’ > and thus represents a prototypical material, we
demonstrate that it forms (001)-oriented films on KCI(100)
surfaces, in which molecules adopt an upright orientation,
while DNTT molecules adopt a recumbent orientation on
irradiated KCl surfaces and form characteristic jagged fibers.
Remarkably, both adlayer structures are epitaxial but with
different alignments on the KCI substrate. The epitaxial order
of fibers on irradiated KCI(100) is possible because the formed
chlorine vacancies are localized at specific lattice sites and do
not disrupt the surface periodicity, as evidenced by
accompanying low-energy electron diffraction (LEED) meas-
urements. Theoretical analysis within the framework of van der
Waals-corrected density functional theory (DFT) confirms the
energetic stabilization of recumbently oriented DNTT
molecules adsorbed above the halide vacancies compared to
the pristine surface. Furthermore, we demonstrate that the
different film morphologies, which can be patterned laterally
using exposure masks, can also be transferred to other
substrates, even flexible polymer substrates, by dissolving the
KCI substrates.

2. RESULTS AND DISCUSSION

In Figure 1, we compare the structure of DNTT films grown
on pristine and on electron-irradiated KCI(100) surfaces. In
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Figure 1. Optical micrographs of DNTT thin films grown on (a)
pristine and (b) electron-irradiated KCI(100) surfaces, together with
(c) corresponding specular X-ray diffractograms of the differently
prepared films. The different molecular arrangements are depicted in
the insets.

both cases, the KCI(100) surfaces are freshly cleaved, while the
latter are additionally irradiated in ultrahigh vacaum (UHV)
with electrons of 250 eV and a dose of 5 mC/cm?® before
DNTT deposition. On pristine KCl, the formed DNTT films
consist of dendritic coalesced islands, while characteristic fibers
with a length of up to 10 pm are formed on irradiated KCI.
The accompanied specular X-ray diffraction measurements
reveal several diffraction peaks in addition to the (200)yq
substrate reflection, which is identified as DNTT reflections
based on a comparison with calculated powder spectra of the

bulk structure (data provided in the Supporting Informa-
tion).'” The identified reflections indicate that DN'TT adopts
the bulk phase with a molecular herringbone packing motif on
pristine and irradiated KCI substrates. In particular, we do not
find any evidence of the formation of a thin-film phase upon
initial growth of DNTT films on pristine KCI substrates as
previously reported for SiO, (further information is provided
in the Supporting Information).”" However, the DNTT films
exhibit quite different crystalline orientations on the differently
treated KCl surfaces. On pristine KCl surfaces, (001)-oriented
DNTT films are formed, in which the molecules adopt an
upright orientation like on SiO,*” hence reflecting a weak
substrate interaction. By contrast, the crystalline fibers as
observed on irradiated surfaces are oriented with their
(120)pnrr or (121)pyrr planes parallel to the KCI surface,
respectively. In both crystallographic planes, DNTT molecules
are oriented with their long axes nearly parallel to the substrate
surface, as depicted in the inset of Figure Ic, hence reflecting a
recumbent molecular orientation in stark contrast to the
observed upright molecular orientation on pristine KCI
substrates.

As with the film growth of other 7-conjugated molecules, the
degree of crystalline ordering increases with increasing
substrate temperature during deposition. On pristine KCI
surfaces, this is accompanied by a morphological change from a
contiguous adlayer of coalesced rosette-shaped domains
formed at low temperature to more discontinuous islands
with increasingly straight side edges and finally the formation
of separate hexagonally shaped DNTT islands at elevated
temperatures (see the Supporting Information). Such temper-
ature-induced dewetting and crystal island ripening have also
been observed before for other molecular films grown on inert
substrates like e.g, pentacene on SiO,>’ and reflects a
transition from film growth to (bulk) crystal formation.”*
When increasing the substrate temperature upon growth to
365 K, which is slightly below the threshold for sublimation of
multilayer films (2385 K),” distinct and very smooth DNTT
single crystals with diameters of more than 100 ym are formed.
Transferring such an isolated DNTT crystal from the KCI
growth substrate to a SiO, substrate (Si-wafer covered by
native oxide) allows detailed in-plane X-ray diffraction (XRD)
measurements and thus identification of the bordering
crystallographic faces (data and details of the transfer process
provided in the Supporting Information). As depicted in
Figure 2a,b, the habit of such hexagonal (001)-oriented DNTT
crystals exhibits characteristic angles between the bordering
low-index side faces. Such characteristic angles are also
observed in atomic force microscopy (AFM) micrographs of
DNTT films grown at intermediate temperatures as depicted
in Figure 2¢, which allows an azimuthal assignment of local
domains even without in-plane diffraction measurements. In
addition, distinct monolayer steps of about 1.6 nm are resolved
corresponding to upright standing DNTT in (001) planes with
an interlayer spacing of dioy = 1.62 nm. Additional
information on the azimuthal alignment of DNTT films on
pristine KCI on mesoscopic scale is derived from azimuthal X-
ray scans using the most intense in-plane (020)pyrr reflection.
As shown in Figure 2d, this reflection is oriented along the
(001)g(, azimuth directions of the substrate appearing in four
domains according to the symmetry of the KCI(100) surface.
Comparing the lattice vectors of the KCI(100) and
DNTT(001) planes shows a close similarity (1.7% mismatch)
between the lapyrrl = 6.187 A and lagql = lbggl = 629 A
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Figure 2. (a) Optical micrographs of a DNTT single crystal together with (b) a schematic representation of the molecular arrangement and the
bordering crystallographic planes. (c¢) AFM micrograph of a DNTT film grown on nonirradiated KCl together with (d) an azimuthal in-plane X-ray
scan of the (020)pyrr reflection. (e) Scanning electron microscopy (SEM) micrograph of DNTT fibers grown on electron-irradiated KC1. The
Fourier transform analysis of the micrograph (shown in the inset) agrees well with the (f) azimuthal in-plane X-ray measurement of DNTT fibers
by probing the (020)pyrr reflection. (g) Perspective AFM (top) and SEM (bottom) micrograph of a DNTT fiber and (h) sketch of the identified

structural arrangement of DNTT molecules in the jagged fibers.

vectors, as well as a higher-order commensurability for the
orthogonal direction: 14 X bpyrrl = 30.648 A ~ IS X bygl =
3145 A (2.6% mismatch), which explains the observed
epitaxial order (for details, see the Supporting Information).
As in the case of DNTT films grown on pristine KCI(100),
the shape and size of the DNTT fibers formed on the
irradiated substrates also depend on the substrate temperature
during deposition. For T < 300 K, only elongated clusters
occur and the corresponding XRD data reveal (001) as well as
(120) and (121) reflections, while at higher temperatures,
exclusively fibers are formed, which increase in size with
temperature but also increasingly separate (see the Supporting
Information). As already visible in the optical micrograph in
Figure 1b and can be seen more clearly in scanning electron
microscopy (SEM) micrographs (cf. Figure 2e), the DNTT
fibers are essentially oriented along the (011) azimuth
directions of the irradiated KCl surface. However, closer
inspection reveals that the fibers are not perfectly aligned along
these azimuth directions but appear split. Indeed, a Fourier
transform analysis of the SEM micrograph yields a splitting of
the fiber direction of 21° around the high-symmetry substrate
directions (cf. inset in Figure 2e). Furthermore, the tilted high-
resolution SEM micrograph depicted in Figure 2g reveals that
such DNTT fibers actually have a jagged structure, which is
more quantitatively analyzed by AFM yielding a typical jag
height of 70 nm and a fiber width of 80 nm for a DNTT film
with a nominal thickness of 10 nm grown at 320 K. In addition,
the quantitative analysis of the jag structure shows character-
istic angles of the limiting top faces relative to the base planes
(see the Supporting Information), allowing their identification
as low-index (110)pyrr and (010)pyrr faces, while front and
back sides are identified as (001)pypr faces, as depicted in
Figure 2h. Although the low intensity of in-plane reflections
hampers the azimuthal analysis of thin films, this is possible for
films thicker than 50 nm. As shown in Figure 2f, the polar scan
of the (020)pyrr reflection reveals an alignment of the fibers
axis along the (011)gc azimuths with a splitting of about 20°,
thus showing their crystalline nature and confirming the fiber

orientation inferred from the SEM micrographs for thin films.
We note that with thicker films, the DN'TT fibers coalesce (see
the Supporting Information) so that their azimuthal
orientation is no longer clearly visible in the microscopic
images. The precise microstructural information allows us to
construct a detailed model for the observed alignment of the
DNTT fibers (for details, see the Supporting Information). To
do this, we first determine the base vectors that span the
contact plane of the two fiber orientations, resulting in a =
[001]pyrr and b = [210]pypr for the (120) base plane, and a
= [101]pnrr and b = [210]pyrr for the (121) base plane.
Next, we find that the epitaxial alignment of the fibers can be
well approximated by commensurate higher-order adlayer

3/2> and

structures on KCl, which are described by (i /3 22

( 9/4 7/4
15/8 —11/8
oriented DNTT fibers, respectively. These structures reveal
again a close match with the KCl surface lattice: 12 X apyrrl =
3242 A ® 14 X ag + 3 X bggl = 31.45 A (3.1% mismatch)
and 13 X byl = 43.65 A~ 14 X age — 6 X byl = 45.36 A
(3.8% mismatch) for the (120) plane, as well as 14 X apyrrl =
68.4 A~ 19 X age + 7 X byl = 71.72 A (4.6% mismatch) and
I8 X bpnrrl = 116.4 A = 115 X age — 11 X bggl = 117.00 A
(0.5% mismatch) for the (121) plane. In these adlayers, the
fiber directions are given by the [210]pyrr and [210]pnrr
vectors for the (120) and (121) contact planes, respectively,
that are rotated by —11 and +9° with respect to the (011)g
azimuth directions. Since fibers can also grow in the opposite
stacking direction ie., with (120) and (121) orientations
leading to the formation of mirrored fiber domains, fiber axes
appear aligned +9 and +11° around the (011)g azimuth
directions, which nicely corresponds to the observed splitting
of about 21°.

To rationalize the experimentally observed rather different
film morphologies (hexagonal islands vs jagged fibers) in terms
of their energy, we further computed the surface free energies
of DNTT crystals. These are associated with different

) superstructures for the (120)- and (121)-
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Figure 3. (a) Representation of the computed Wulff structure of a bulk DNTT crystal, together with (b) a SEM micrograph of a single-crystal
corner recorded under tilted illumination to visualize the side faces and (c) a schematic representation of the (120) and (121) planes relative to the

crystal habit.

crystallographic faces and thus allow us to predict the shape of
an isolated DNTT single crystal. The resulting Wulft structure
is displayed in Figure 3a. Rather counterintuitively, facets with
higher surface energies grow faster because they provide larger
binding energy for admolecules (so-called attachment energy,
cf. the Supporting Information), ultimately yielding predom-
inantly lower-surface-energy facets that determine the crystal
habit. The simulated shape of the crystal fits well with the
micrographs of a single crystal (cf. Figures 2a, 3b, and S7 in the
Supporting Information). The theoretical analysis shows in
particular that the (001) facet has the smallest surface energy
(cf. Table S1) and represents the dominant facet with around
39% of the total surface. The lateral boundary faces of the
crystals, oriented perpendicular to the (001) top surface, can
be identified as {110}, {110}, and {010} planes and are also
seen in the magnified SEM micrograph of a DNTT crystal
corner provided in Figure 3b. At first glance, the jagged fibers
have a completely different morphology. However, a more
detailed analysis shows that the jags correspond to the
truncated corners of a hexagonal DNTT crystal (cf. Figure
3c). Since the surface of the jags is mainly given by the (001)
oriented side faces and the fiber top surface corresponds to the
side faces of the hexagonal islands, the surface energies are
quite similar despite the supposedly different morphology.
While these analyses reveal similarities in both film
morphologies, they cannot account for the origin of the jagged
DNTT fibers on electron-irradiated KCl, thus requiring further
consideration. Previous studies have shown that the molecular
orientation and resulting structure of organic films depend
sensitively on the quality of the substrate surface. For the
structurally similar acenes, which also reveal a herringbone
packing motif, it was found that they adopt a recumbent
orientation and sometimes even form epitaxial films on highly
ordered crystalline surfaces of weakly interacting substrates
such as graphite, hBN, or MoS,.”°~*® By contrast, on defective
substrate surfaces (produced e.g, by short sputtering), the
molecules instead adopt an upright orientation, yielding film
surfaces of lateral densely packed molecules and low surface
energy, but without any epitaxial alignment.”*”>* Notably,
electron diffraction patterns recorded before and after
extensive electron irradiation of the KCI(100) samples show
hardly any differences (see the Supporting Information) so
that a structural disorder of the substrate surface can be ruled
out as an explanation for the observed fiber growth. While
searching for the origin of the fiber growth, we found that a
similar situation also occurs for samples irradiated with X-rays
prior to DNTT deposition (see the Supporting Information).

In this case, the illuminated KCI samples show a distinct blue-
violet coloration. This effect is well known and reflects the
formation of (bulk) F-centers due to chlorine vacancies,””*"
which exhibit a characteristic optical signature in the optical
ultraviolet/visible (UV/vis) spectra (see the Supporting
Information). Since bulk F-centers can hardly affect the
nucleation during film growth, it is likely that surface-localized
F-centers are also formed, which we cannot optically detect
separately. Interestingly, control experiments on X-ray
illuminated samples, which were additionally exposed to air
before DNTT deposition, show no DNTT fiber growth (see
the Supporting Information); instead, well-known pyramidal
adlayer structures occur that reflect (001)-oriented films as
found on pristine KCI, although the samples remain purple.
This indicates a quenching of the surface-localized F-centers by
air contact. The formation of (bulk) F-centers is also possible
by electron irradiation but requires very high energies (>100
keV).””*'=** However, previous work has shown that surface-
localized F-centers in alkali halides are formed already by
electrons with kinetic energies as low as 20 eV.**° A
systematic variation of the electron dose dependence (see the
Supporting Information) shows that for exposures lower than 1
mC/cm? only short fibers are formed that coexist with islands,
while exclusive fiber growth is observed for deposition at 320 K
after exposure of 4 and S mC/cm?. As with the X-ray irradiated
samples, no fiber growth is observed for electron-irradiated
KCl if the sample was exposed to air prior to DNTT
deposition, demonstrating that air contact quenches the F-
centers localized at the surface.

To analyze the fiber growth on irradiated KCl theoretically
and understand the microscopic mechanism, the changes in
adsorption geometry and substrate interaction of DNTT on a
pristine and irradiated KCI surface (with an F-center) were
analyzed in the frame of DFT calculations. Previous work
revealed a stabilized adsorption of substituted benzene on F-
centers of KCl surfaces, leading to a modified orientation
geometry.”” In analogy to the previous study, we evaluated the
impact of the surface Cl vacancies on the growth mechanisms
of the DNTT films by considering two different geometrical
configurations where molecules stay perpendicular or lying flat
on the surface, and by analyzing their interface with both
pristine and defected KCl surfaces. First, with the objective of
mimicking the first steps of crystal formation, we started our
analysis by considering isolated DNTT molecules (only one
molecule per unit cell, see Section S12 of the Supporting
Information for more details) and described their interaction
with the surface by computing their adsorption energies (E,q;)
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by following the procedure explained in the Section 4, see
Table 1.

Table 1. Computed Interaction Energies (in eV) between an
Isolated DNTT Molecule or a Layer of Molecules with the
Pristine and Defected KCI Surfaces together with the
Corresponding Energy Change due to the Presence of the
Vacancy (AE)F-centa

isolated layers
surface (Eads)up (Eads)down (Eads)up (Eads) down
pristine -0.27 —1.68 —0.25 —0.27
defected —0.32 -1.93 -0.31 -0.33
(AE)g.cont —0.05 -0.25 -0.05 -0.06

“The suffix up/down is employed to denote those interfaces where
DNTT molecules are standing up/lying down on the surface, i.e., with
(001)/(120) orientations in the case of crystalline layers. The values
given for the layers are normalized by the number of molecules.

Not surprisingly, isolated DNTT molecules lying flat on the
KCl surfaces are more stable (larger absolute E, 4, values) with
respect to those molecules standing perpendicular to the
surface due to their more pronounced van der Waals
interactions. Nonetheless, this difference in energy
(AE,49) up-down is more marked (~by 0.2 eV) in the case of
the defected surfaces, which demonstrates that the energetic
barrier that one needs to overcome to keep the molecules
perpendicular to the surface is higher when Cl vacancies are
present. Actually, Cl vacancies promote a remarkable
stabilization for both molecular configurations (denoted
(AE)g.cen: in Table 1) which amounts to 0.05 and 0.25 eV
for the standing-up and lying-down DNTT geometries,
respectively. This enhancement of the interaction originates
from an increase in the overlapping charge densities of the KCl
surface and DNTT molecule at the interface that is prompted
by the presence of the vacancy, as it is shown in Figure 4a,b.
Very interestingly, the large vacancy-triggered stabilization
experienced by DNTT molecules adsorbed parallel to the
surface can be attributed to the enhanced electrostatic
interactions between the F-centers and the electronegative

(@) | pristine (b) defected
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Figure 4. Side (a, b) and top (c, d) views of the interfacial charge
density difference (Ap = praypnrr — Pra — Ponrr) plots for a
DNTT molecule adsorbed on (a, c) the pristine and (b, d) defected
(i.e, Cl vacancy) KCl surfaces. For the sake of better visualization,
different isovalues were used to plot the isosurfaces: 3 X 10™* a.u. for
(a,b) and 4 x 107 and 8 x 10™* a.u. for (c, d), respectively. The
corresponding charge density difference plots for the standing-up
molecular geometries are reported in Figure S16.

sulfur atoms from the DNTT core. This result is evidenced by
the localized interfacial charge transfer around the molecular
core which is observed in the presence of defects (Figure 4d),
which contrasts with the highly delocalized charge transfer
along the whole molecular backbone for the pristine surfaces
(Figure 4c). A similar stabilization effect was reported due to
the interaction between F-centers and the oxygen and nitrogen
heteroatoms present in aromatic molecules adsorbed on
defected KCl surfaces.”” In a second stage, we have computed
the adhesion energies between a layer of DNTT molecules
standing up or lying flat and the pristine and defective KCI
surface, as explained in Section S12 of the Supporting
Information. In this case, we do not recover the extra
stabilization provided by the Cl vacancy when the layer of
molecules is adsorbed flat on the surface. This indicates that
the intermolecular interactions within the layer dominate and
prevent reaching the exact geometry by maximizing the
interaction with the Cl vacancy for one molecule of the
cluster. Moreover, there is no major difference between the
total adhesion energies for the two molecular orientations.
Once the crystal has started to grow, there is thus no energy
gain when changing the orientation of the crystal from lying
flat to standing up molecules to compensate the interaction
with the F-center. Therefore, we can conclude that F-centers
lead to a stabilization of the very first interfacial DNTT
molecules that are recumbently oriented. These stabilized
molecules serve as template for the further crystallization
process, as it was found before also for heteromolecular
stacks,”® and finally yield (120)- and (121)-oriented crystalline
fibers. In the absence of defects, (001)-oriented films with
upright molecular orientation are energetically favored with
respect to the minimization of the surface free energy.

We note that the interaction between the inorganic substrate
and molecular adlayers is sometimes described mesoscopically
considering the substrate’s surface energy as a key parameter.
While this continuum description is applicable to polymeric or
polycrystalline films on amorphous substrates where specific
interactions between molecules and special substrate lattice
sites are absent, the presence of chlorine vacancies at specific
lattice sites on KCI(100) surfaces requires microscopic
modeling of such localized electrostatic interaction with the
nucleating DNTT molecules beyond the concept of surface
energies. Interestingly, there are also more homogeneous
electrostatic stabilizations of molecular adlayers that depend on
the specific surface orientation. In previous work, it was
demonstrated that in-plane surface dipoles on a ZnO(1010)
surface stabilize a recumbent molecular orientation of
sexiphenylene films, while without such additional electrostatic
interaction, like on ZnO(0001), films with an upright
molecular orientation are formed.”*°

Now that the mechanism of fiber formation in DNTT films
by F-centers has been identified, we turn to the lateral
structuring of molecular films. For this purpose, the KCI(100)
surface is first irradiated with electrons through a metallic
shadow mask to generate F-centers only in defined surface
areas, and then the entire substrate is subsequently coated with
DNTT. As depicted in Figure Sa—c, the optical micrographs
confirm that characteristic DNTT fibers are only formed over
the irradiated KCI regions, while islands are present on
nonirradiated regions. In the optical micrographs, the island
regions appear bluish and the fiber areas greyish brown, which
is due to increased light scattering from the fiber regions as
they exhibit larger film roughness. It should be noted that such
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KCI dissolution

Figure S. (a) Optical micrograph of a nominally 10 nm thick DNTT film grown at 320 K on KCI(100) that was electron-irradiated through a stripe
mask prior to the film deposition together with magnified optical micrographs of films formed on (b) nonirradiated and (c) electron-irradiated KCI
regions. (d) Schematic sketch of the wet transfer process of structured DNTT films from KCl to PDMS substrates. (e—g) Optical micrograph of

the transferred structured DNTT films on PDMS.

F-center-induced patterning is not limited to small areas, but
can also be applied to large areas, as demonstrated by the film
pattern shown in Figure Sa, which extends over 4 mm.
Electrons also offer the advantage that any F-center template
pattern can be written by an electron beam analogously to that
used in electron beam lithography techniques.*' On the other
hand, it should be noted that this F-center mediated patterning
is not limited to the use of electrons and can also be achieved
by X-rays.

Although the method presented here allows for lateral
patterning and control of molecular orientation, it appears to
be of limited value since it requires the use of KCI substrates,
or other alkali halides in which F-centers can also be generated.
However, the KCl as well as other alkali halide samples can be
dissolved in water, which enables their use as growth templates
followed by a wet transfer of the grown DNTT films onto
other substrates. Details on such a wet transfer of thick DNTT
films (about S0 nm) grown on pristine and homogeneously
irradiated KCI(100) substrates onto SiO, (i.e., oxidized Si
wafer) by dissolving KCl in water are provided in the
Supporting Information (Figure S2). Actually, the X-ray
diffractograms presented in Figure lc were recorded for
DNTT films that have been wet-transferred to SiO,, since the
overlap of the (200)g( reflection with the (120)pyrr and
(121)pypr reflections hampers a detailed analysis of the
organic film orientation. A comparison of X-ray diffractograms
of the DNTT films recorded before and after transfer (see the
Supporting Information, Figure S2) shows that the film
orientation remains intact and is not affected by the wet
transfer.

Finally, we show that even very thin (10 nm) and structured
films that were discussed before (cf. Figure Sa—c) can also be
transferred intact. As such thin films partly consist of
noncontiguous fibers, we use PDMS as target substrate and
apply a transfer scheme that is well established for the transfer
of CVD-grown 2D materials.”>* As sketched in Figure 5d, the
(structured) DNTT film is first dipped in liquid PDMS and left
undisturbed until the PDMS elastomer is cured (without
thermal annealing). Afterward, the KCI/DNTT/PDMS
lamination stack is placed into distilled water to dissolve the

KCl growth template. After complete KCl dissolution (that
takes approximately 15 min), the DNTT film is transferred
onto a flexible and transparent PDMS substrate. The optical
overview image presented in Figure Se shows that structured
DNTT films can be transferred using this method, with the
DNTT island and fiber structures fully preserved, as confirmed
by high-resolution micrographs shown in Figure 5f,g.

3. CONCLUSIONS

The lithographic top-down structuring methods established for
inorganic materials cannot be readily applied to organic
materials due to their sensitivity to radiation so that the
microstructuring of organic films must be based on bottom-up
approaches. Since such molecular materials are van der Waals
bound, this approach requires a thorough understanding of
intermolecular and molecule-substrate interactions. Here we
show that the balance of these interactions can be manipulated
in a controlled manner by surface-localized F-centers generated
by electron irradiation of alkali halide substrates, which
controls the morphology and molecular orientation of the
subsequently grown film. For the examined organic semi-
conductor DNTT, we demonstrate that coalesced islands of
upright oriented molecules and jagged fibers of recumbent
molecules are formed on pristine and irradiated KCI substrates,
respectively. These different morphologies are rationalized by a
DFT-based analysis that shows that interfacial recumbently
oriented DNTT molecules are stabilized due to the electro-
static interaction between the electronegative sulfur atoms of
DNTT and the chlorine vacancies of irradiated samples.
Despite rather different crystalline orientations and morphol-
ogies, both film structures are epitaxial since the F-centers are
not randomly distributed but are located on the surface lattice
of the alkali halide substrate.

The identified mechanism is neither restricted to DNTT nor
to KCI but is applicable also to other molecules with electron-
rich heteroatoms or side groups as well as other alkali halides.
Additionally, structural properties such as the crystalline phase
or epitaxial alignment of organic films can be tuned by
choosing alkali halide substrate of different lattice con-

stants, 40 showing the great potential of the usage of F-
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centers as a versatile tool to control the structural properties
and epitaxial alignment of organic films. On the other hand,
the knowledge gained here calls for some caution when
fabricating organic functional films on alkali halide substrates,
since electron or X-ray irradiation prior to molecular beam
deposition should be avoided to rule out potentially
undesirable film orientations that compromise the structural
order achieved on pristine substrates—an effect that has yet
not been taken into consideration.

The potential of the newly introduced approach to fabricate
laterally structured films with molecular orientation control
was demonstrated by spatially selective irradiated substrates
using shadow masks prior to organic film deposition.
Furthermore, the water solubility of the alkali halide growth
substrates allows wet transfer of patterned films to any other
non-water-soluble substrate even to flexible elastomeric
substrates, hence demonstrating the versatility of the
patterning method presented here.

4. METHODOLOGY

4.1. Experimental Details. The KCI(100) substrates with
a surface area of about 1 cm? were prepared by cleaving slices
of about 2 mm from single-crystal rods (Korth Kiristalle
GmbH). Immediately after cleavage, the samples were
transferred into a high-vacuum system using a load-lock
system and heated to 650 K in vacuum to desorb residual
adsorbates and to heal possible surface defects.”” The DNTT
(Sigma-Aldrich, purity >99%) films were grown under high-
vacuum conditions by molecular beam deposition from
resistively heated Knudsen cells. The growth rate was held
constant at 3 A/min as monitored by quartz crystal
microbalance. Before DNTT film deposition, some KCI
samples were additionally irradiated by electrons (E = 250
eV, dose S mC/cm?) using the electron gun of the LEED
system (Omicron) or by synchrotron X-ray light using the HE-
SGM beamline of the electron storage ring BESSY II (for
details, see the Supporting Information) to create surface and
bulk F-centers. For the DNTT film transfer, polydimethylsilox-
ane (PDMS) films were prepared using a Sylgard 184 silicone
elastomer kit. The morphology of the organic films was
characterized by atomic force microscopy (AFM, Agilent SPM
5500), operated under ambient conditions in tapping mode
using MikroMasch cantilevers with a spring constant of 40
N/m (f,s = 325 kHz) and a tip radius of 8 nm. Additional
information was obtained by optical microscopy (Nikon
Eclipse LV-FMA, equipped with a sensitive DS-Ri2 camera)
and scanning electron microscopy (SEM, JEOL JSM-7500F,
operated at an electron beam energy of 5—10 keV). To avoid
charging of the insulating KCI samples, they were covered by a
10 nm thick platinum layer prior to the SEM measurements.
Note, that after SEM measurements, the coated samples were
not used for any other measurements. The crystalline phase
and orientation of the DNTT films were analyzed by X-ray
diffraction (XRD), using a Bruker D8 Discovery diffractometer
with monochromatized Cu Ka radiation (4 = 1.542 A) and a
sensitive one-dimensional LynxEye silicon strip detector.

4.2, Computational Details. All theoretical calculations
related to the KCI/DNTT interfaces were conducted in the
framework of DFT using the Perdew—Burke—Ernzerhof
(PBE) functional,”’” including periodic boundary conditions
(PBC) and the Grimme’s D3 dispersion model*® to take into
account the van der Waals interactions. In view of the large
number of atoms involved in these calculations (>2000), for
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the geometry relaxations, we relied on a combination of a
Gaussian and plane wave basis set especially suitable for high
parallel architectures, as implemented in the CP2K package.”
These calculations were performed with a Double-{ Valence
Polarized (DZVP) basis set and an energy cut-off for the
auxiliary plane wave basis equal to S00 Ry, whereas the core
electrons were described by means of Goedecker—Teter—
Hutter (GTH) pseudopotentials.”® The computation of the
charge densities was carried out within a pseudopotential/
plane wave formalism, as implemented in the Quantum-
Espresso (QE) suite program.’’ Ultrasoft pseudopotentials
from the QE libraries were used for the description of the core
electrons, whereas energy cutoffs equal to 25 and 200 Ry were
employed for the kinetic energy and the charge density,
respectively. Due to the large dimensions of the systems under
study, all calculations were carried out only at the I' point of
the Brillouin zone. The E, 4 magnitudes have been computed
by employing the following formula

EKCI/DNTT - EKCI - EDNTT

Eads = ( 1)
Here, Exc)/pnrr Tepresents the energy of the full system, while
Exci and Epyrr are the energies of the KCl slab and the DNTT
molecular layer, respectively, in their relaxed geometries, and n
is the number of DNTT molecules per unit cell.

The modeling of the habit of the isolated bulk DNTT crystal
has been carried out by employing the Mogphology module of
the BIOVIA Materials Studio package.5 In practice, the
surface free energies for all crystal faces are calculated from eq
2 on the basis of the X-ray crystal structure

n

Elatt(M) - E
Ahkl

slice (M)

E

lim
M-7

1
surf 2 (2)
where Ey, (M) is the energy of an M layer thick slab inside the
infinite crystal, Eg;..(M) is the energy of an M layer thick slab
in vacuum, and Ay is the surface area of a plane with Miller
indices (hkl).

The reported equilibrium morphology corresponds to the
crystal habit that minimizes the surface energy and is
represented using a Wulff plot. Note that the (negligible)
polar surface correction has been estimated with a fixed
substrate thickness of 7 layers. All calculations were performed
with the COMPASSII force field which already proved
successful to simulate morphologies of small organic
conjugated molecules.’”** The Ewald summation method
has been used to estimate the electrostatic interactions. The
attachment energy was considered as the energy per molecule
released when one slice of thickness dyy crystallizes onto a
crystal face {hkl}, as it is defined in the original work of
Hartman.>
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