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ABSTRACT: Thin films of 7-conjugated organic molecules are of
high interest for organic optoelectronics. Due to their strong and
tunable absorption spectrum and good charge carrier mobilities,
thiadiazolo-heteroacenes are considered to be a prospective class of
materials for these applications. Additional chemical modification
of these molecules by heavy Se atoms and extending the -
conjugation hold promise to further tune the optical properties and
structural arrangement through the heavy atom effect and
secondary interactions. Therefore, understanding the thin film
growth behavior as well as the optical properties of such derivatives
is crucial for future applications. In this study, thin films of
dibenzoselenadiazoloquinoxaline (dbSeQ) were grown under ultra-

‘face-on’

high vacuum conditions by organic molecular beam deposition on native silicon oxide substrates at different temperatures. Their
optical properties, structure, and morphology were examined by optical spectroscopy, time-resolved fluorescence spectroscopy,
ellipsometry, time-resolved surface-sensitive X-ray scattering, and microscopy techniques.

B INTRODUCTION

In the past years, there has been significant interest in organic
semiconductors based on polymers and 7-conjugated small
molecules, due to their great potential for applications in
electronics and optoelectronics. > A key feature of these
materials is their tunability through chemical modification, i.e.,
the opportunity to change the properties by adding or
substituting specific functional groups. Particularly, differently
substituted 1,2,5-thia- and selenadiazoles are widely used as an
electron-accepting core in materials for field-effect transis-
tors,®~® solar cells,”*® and light-emitting diodes'" due to their
electron-deficient heteroaromatic moieties with rigid planarity.
The unique molecular structure of 1,2,5-selenadiazoles enables
these molecules to aggregate into supramolecular synthons
forming characteristic Se---N square motifs through chalcogen
bonding,'> which has received, among other secondary
bonding interactions, growing attention in the last two
decades.'”'" This bonding originates from the interaction of
the o-holes (regions of positive electrostatic potential)
centered on selenium atoms with the lone pairs of nitrogen
atoms acting as a Lewis base.'” The strength and directionality
of this bonding allow the formation of dimers and polymers,
with the possibility of electron transfer between molecules and
the formation of well-ordered structures.'>'*'°~'® This aspect
is important, as the molecular ordering within the material
critically determines charge transport, energy transfer, and
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optical properties and, consequently, defines and controls the
overall performance of the device.'”™>' To additionally
strengthen this feature, the self-association of 7-conjugated
molecules through effective 7—n stacking interactions can be
employed to achieve morphological organization and structural
order at mesoscopic length scales.”” In this regard, a rational
design strategy to achieve perfect crystallinity within the
material involves extending the conjugated framework by
incorporating aromatic systems into the chalcogenadiazole
moiety. This approach not only enables the modulation of the
electronic structure but also strengthens self-association
properties, arising from the enlarged 7-surface.

Previously studied z-conjugated polymers that incorporate a
chalco§enadiazole scaffold typically exhibit disordered thin
films.””** As a result, an increased focus on exploring small-
molecule derivatives has emerged”**~* as they offer not only
better crystallinity, but also several additional benefits,
including low polydispersity, well-defined chemical structures,
and reliable synthetic reproducibility.’
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A further aspect concerning the arrangement of molecules
within the material pertains to the dependency of the electrical
and optical characteristics of thin films (and, therefore, device
efficiency) on the molecular orientation relative to the
substrate, which has been observed in particular for z-
conjugated molecules of low symmetry.”*™>> Thus, a
comprehensive understanding and effective control over
molecular orientation are highly desirable to unlock the full
potential of these materials in prospective applications.

Here, we present a structural and optical characterization of
n-extended dibenzo[f,h][1,2,5]selenadiazolo[3,4-b]-
quinoxaline33 (dbSeQ, Figure 1, left) in thin films prepared

Figure 1. Chemical structure of dbSeQ_(left) and its unit cell (right,
unpublished results).

by organic molecular beam deposition (OMBD).**™*° We
investigated the molecular ordering and orientation relative to
the silica substrate at different temperatures exploiting ex and
in situ grazing-incidence small- and wide-angle X-ray scattering
(GISAXS and GIWAXS, respectively) combined with atomic
force microscopy (AFM). Our findings confirm that by
substrate temperature control during the growth of thin

films, we can achieve a distinct alteration in the molecular
orientation of the dbSeQ molecules within the films, directly
impacting their morphology and optical properties.

B MATERIALS AND METHODS

The dbSeQ was synthesized and provided by the group of
Prof. Zibarev (Novosibirsk Institute of Organic Chemistry)
and used as received. Thin films of dbSeQ were grown using
OMBD* ¢ under ultra-high vacuum conditions (base
pressure = 1 X 107® mbar) in a portable vacuum chamber.’”
Two different types of substrates were used: commercial
silicon wafers with a native oxide layer (Si(100), p-type) for X-
ray and AFM characterization and fused silica wafers for the
ultraviolet—visible (UV—vis) absorption and photolumines-
cence (PL) measurements. The substrates were cleaned in an
ultrasonic bath with acetone and isopropanol for 10 min each,
followed by heating up to 480 K inside the vacuum chamber
for 12 h. The substrate temperature during the growth was
maintained at 303 K (room temperature, RT) or 173 K (low
temperature, LT). The growth rates of the thin films were
monitored using an SQM-160 quartz crystal microbalance
(Inficon, Bad Ragaz, Switzerland) and calibrated by X-ray
reflectivity (GE XRD3003 diffractometer, using Cu Ka,
radiation) and spectroscopic ellipsometry (M-2000 V, J.A.
Woolam). The surface morphology of the thin films was
characterized by AFM NanoWizard II (JPK Instruments,
Berlin, Germany) in tapping mode. The scans were performed
at several positions of the sample surface and the scanning area
of a single scan was 10 X 10 ym® The AFM data were analyzed
using the Gwyddion software package.*®

In situ GIWAXS and GISAXS measurements were
conducted at the beamline P03 at DESY (Hamburg,
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Figure 2. AFM images of dbSeQ thin films grown at RT (top) and LT (bottom) with different thicknesses. The SO nm films were grown at a high
deposition rate of 1 nm/min. The growth rate of all other samples was 0.3 nm/min. The height scale is in nm.
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Figure 3. Reciprocal space maps of dbSeQ thin films with S0 nm thicknesses grown at LT (a) and RT (b). The red dotted rings mark the position
of the diffraction peaks of dbSeQ based on the single-crystal structure (unpublished results). Sketches of the structure of dbSeQ thin films on native
Si oxide: (c) grown at LT, with preferred face-on orientation; (d) grown at RT, with preferred edge-on orientation, both exhibiting some angular
distribution of crystallites. The insets illustrate the predominant orientations of the dbSeQ unit cell, namely, (011) plane parallel to the substrate at

LT, and perpendicular to the substrate at RT.

Germany)®’ by using a focused beam (27 X 25 um?*) with a
wavelength of 1.044 A at an incidence angle of 0.4°. A
LAMBDA 9 M (X-Spectrum, Hamburg, Germany) detector at
a sample-to-detector distance of ~205 mm was used for the
GIWAXS measurements and a PILATUS 2M (Dectris, Baden-
Daettwil, Switzerland) detector at a sample-to-detector
distance of ~4115 mm was used for the GISAXS measure-
ments. Furthermore, samples were characterized ex situ by
GIWAXS and GISAXS using a Xeuss 2.0 (Xenocs, Grenoble,
France) laboratory instrument with 4 = 1.541 A at an incidence
angle of 0.2° with a PILATUS 300 K two-dimensional (2D)
detector (Dectris, Baden-Daettwil, Switzerland). The data were
processed using DPDAK"’ and GIXSGUI software.""

The steady-state UV—vis absorption spectra were obtained
using a PerkinElmer Lambda 950 UV—vis-NIR spectrometer
in transmission mode. Photoluminescence spectra were
recorded with a Labram HR 800 spectrometer (Horiba Jobin
Yvon, France) with a CCD 1024 X 256 pixel® detector and a
frequency-doubled Nd:YAG excitation laser with a wavelength
of 532 nm. Temperature-dependent PL spectra were obtained
with a cooling CryoVac system with liquid nitrogen in the
range from 80 to 290 K. Fluorescence lifetime measurements
were performed at 77 K in an optical cryostat (SVT-200, Janis)
with a custom-built confocal microscope*” equipped with an
air objective lens (NA = 0.85, Newport), a spectrometer
(Shamrock, Andor Technology, UK.) with a thermoelectri-
cally cooled (203 K) CCD camera, and a single photon
avalanche diode (SPAD, PDM series, Micro Photon Devices,
Italy). Samples were excited by a 485 nm pulsed laser diode
(PicoQuant GmbH, Germany) with a pulse width of <100 ps
at a repetition rate of 40 MHz with linear polarization. The
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excitation light was blocked by a 488 nm long-pass filter. For
two-channel measurements, a 635 nm dichroic beam splitter
was inserted into the detection path, directing the emission
light onto two separate MPD photodiodes. Time-correlated
single photon counting (TCSPC) histograms were recorded
using the HydraHarp 400 system (PicoQuant GmbH,
Germany). The instrument response was measured in
reflection at the laser emission line with neutral density filters
for laser attenuation. The SymPhoTime64 software package
was used to evaluate the TCSPC data which were collected
from nine repeated measurements at different positions of the
sample for the RT thin film and from 10 repeated
measurements for the LT thin film.

The UV—vis spectrum of dbSeQ was calculated using
optimized geometries at the time-dependent density functional
theory (TD-DFT) level of theory” with the double-hybrid
B2PLYP method™ and the def2-tzvp basis set*”*° using the
Becke—Johnson damping function for dispersion correc-
tion.””* The RIJCOSX approximation was used to speed up
computations.”””” All calculations were performed with the
ORCA program package (version 4.2.0).”>

B RESULTS AND DISCUSSION

Surface Morphologies. The morphologies of the ex situ
films with a nominal dbSeQ _thickness of 10, 30, and 50 nm
grown at 303 K (RT) and at 173 K (LT) were investigated by
AFM. Figure 2 shows representative AFM topography images
of the thin films.

For thin films grown at RT with a 10 nm nominal thickness,
small needle-like structures are observed, which grow in size
upon the deposition of the material, reaching the length of 2
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Figure 4. Contour plots of horizontal (a, ¢) and vertical (b, d) line
deposited at RT and LT, respectively.
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cuts of 2D GISAXS data versus the nominal thickness of dbSeQ_thin film

um for a thin film with a nominal thickness of 30 nm. This
indicates a preferred one-dimensional (1D) packing which
most probably is formed by z-stacks of dbSeQ randomly
oriented along the surface of the substrate. The molecular
orientation will be discussed in detail in the Structure of the
Thin Films Section. For a thin film with a nominal thickness of
50 nm grown at a high deposition rate of 1 nm/min, smaller
needles are observed, which cover the whole substrate. The
same behavior was observed for thinner dbSeQ films grown at
an identical deposition rate. A qualitatively similar decrease in
the grain size and an increase in the surface smoothness with
an increase in deposition rate was also observed earlier both for
organic materials®® and metals.”*

In the case of LT growth, a distinct change in the
morphology of the dbSeQ thin film is evident, resulting in
the formation of sparsely distributed islands on the surface.
This change can be attributed to a different orientation of the
molecules during deposition at lower substrate temperatures, a
phenomenon previously observed in other extended organic
semiconductors.>”>® As the film thickness increases, these
islands tend to grow vertically, while their area does not
increase significantly. Thus, they cover only about 50% of the
substrate surface, even in films with a nominal thickness of 50
nm. Based on the AFM pictures, it can be inferred that the
dbSeQ molecules prefer to interact with neighboring molecules
rather than the silicon substrate’s native oxide layer, as the
latter interaction is energetically less favorable.

Due to the rugged nature of films grown at LT, performing a
quantitative grain analysis is not feasible. For a quantitative
analysis of the growth of dbSeQ at RT, the AFM images were
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analyzed based on height—height correlation functions
(HHCFs).”>*” HHCFs of each sample were fitted with f(x)
=206%[1 — exp(—(x/£)**)], where o is the root-mean-squared
(RMS) roughness, a is the Hurst parameter, and £ is the lateral
correlation length. The values from the fitting of the HHCF
were averaged over several AFM images. An example of the
data evaluation with this method is provided in the SI (Figure
S1).

The Hurst parameter equals 0.82 + 0.1, indicating fast
roughening in the films.”>*” The RMS roughness rises together
with increasing nominal film thickness, 6}, = 13.8 nm, 639,
= 31.0 nm. The lateral correlation length follows the same
tendency: &g, = 98.1 nm, &5, = 157.8 nm, which quantifies
the visually observed increase in grain sizes. We note that for
the SO nm thick film grown at a high rate (1 nm/min) both,
RMS roughness and lateral correlation coefficient are relatively
low (65nm = 22.6 nm, &g, = 118.3 nm), which agrees with
the aforementioned smaller grain size and higher smoothness
of the film.

Thus, for dbSeQ, there is an obvious dependence of the thin
film morphology on the substrate temperature during growth.
At RT, nanorods reaching a size of up to 2 ym and growing
along the substrate surface are obtained, while at LT, growth of
high, separated islands of the material is observed.

Structure of the Thin Films. To investigate the molecular
structure of dbSeQ _thin films, we used GIWAXS and GISAXS
techniques. The reciprocal space maps obtained from
GIWAXS measurements of the thin films with a nominal
thickness of 50 nm grown at RT and LT are shown in Figure 3.
We note that the pattern observed for films with nominal
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thicknesses of 10 and 30 nm remains essentially the same, only
the intensity increases proportionally with the thickness. The
observed diffraction peaks and rings correspond to the
previously obtained single-crystal structure of dbSeQ (un-
published results). A notable difference between the films
grown at LT and RT lies in the orientation of (0kl) diffraction
peaks, which are centered around g, = 0 A™" for LT films and
around q,, = 0 A7 for RT films. The angular distribution of
the diffracted intensity of Bragg peaks belonging to the (011)
plane exhibits a full width at half-maximum (fwhm) of 51° for
the LT film and 41° for the RT films (SI, Figure S2), which
indicates not very strong but noticeable alignment. Con-
currently, the signal originating from the (1k!) planes exhibits a
contrasting behavior, with the majority of diffracted intensity
aligned along q,, = 0 A~ for the LT film and along g, = 0 A
for the RT film.

Therefore, the dbSeQ_crystalline domains grown at LT are
predominantly oriented in such a way that the b and ¢ unit cell
axes are parallel to the substrate surface. The a axis is then
perpendicular to the substrate plane, and the molecules inside
a unit cell exhibit a tilted face-on configuration (Figure 3c). In
the case of RT growth, the unit cell is tilted by 90° so that the
(011) plane is oriented perpendicular to the substrate surface,
while the a axis is parallel to the substrate surface. In this
orientation, the molecules are standing with a tilted edge-on
configuration (Figure 3d). This yields n-stacks of the
molecules growing along the substrate surface at RT, and
perpendicular at LT, in agreement with the AFM data.

Overall, the structural differences of the dbSeQ films grown
at LT and RT closely resemble those previously reported for
pentacene, diindenoperylene, and a-sexithiophene,”””" albeit
with a higher degree of mosaicity. For these results, it was
suggested”’ that due to the lack of thermal energy at lower
substrate temperatures, molecules initially adopting a face-on
orientation to maximize van der Waals interactions with the
substrate are unable to perform a transition to an edge-on
orientation that occurs at RT.***” However, this implies
energetically favorable interaction with the surface and
formation of closed monolayers, which is opposed to the
AFM data for the dbSeQ films grown at LT. Therefore, one
can assume the presence of more complicated equilibria
between substrate-molecule and 7-stacking interactions leading
to the formation of separated high islands.

For a more comprehensive understanding of the variations
in the morphologies and growth kinetics of the thin films of
dbSeQ _grown at different temperatures, we conducted in situ
GISAXS during the OMBD of dbSeQ on a silicon substrate.
This technique allows probing the nanoscale structure over
macroscopic areas.

To analyze the vertical growth of the islands, slightly off-
centered vertical (out-of-plane) line cuts of 2D GISAXS data
were made at g,, = 0.03 nm™' (position is indicated by the red
dashed line in Figure S3a). Similarly, to investigate changes in
horizontal arrangement, horizontal (in-plane) line cuts were
made at the Yoneda peak region (corresponding to the critical
angle of the material) at g, = 0.578 nm™" (as indicated by the
black dashed line in Figure S3a). Figure 4a,b presents 2D plots
of these in- and out-of-plane cuts versus the nominal thickness
of the RT deposited film. There are neither prominent side
peaks in horizontal line cuts nor additional peaks in the vertical
line cuts for the RT-grown film, indicating a rough surface and
the absence of a characteristic island size distribution. The
broadening of the Yoneda peak in q,, is observed during the
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deposition, which is related to diffuse scattering from the rough
surface and indicates the broader distribution of the domain
sizes for increasing nominal film thickness.’’ Selected 2D
GISAXS patterns obtained during the deposition of dbSeQ
thin film at RT and respective line cuts are represented in the
SI (Figure S3a—c).

The GISAXS patterns look notably different for the dbSeQ
deposition at LT of the substrate (Figure S3d). At the
beginning of the deposition, two symmetrical broad side peaks
appear at low q,, (Figures 4c, and S3e) and remain there until
the end of deposition, which indicates the presence of
relatively widely distributed in-plane characteristic length
scales for the features on the surface.”” The island-to-island
distance D was estimated by fitting the side peak position and
using the relation D & 277:q;y1.62 According to the fitting results,
there is a very small monotonic shift of the side peak position
toward higher q,, values during the deposition (Figure S4b)
and its broadening, giving values of D decreasing from 156 + S
nm at the beginning to 149 + 6 nm at the end of the
deposition. Additionally, the vertical line cuts (Figures 4d and
S3f) also show prominent peaks along g, shifting toward lower
q. during the deposition. All this indicates a single growth
regime for the LT growth with small changes in the island-to-
island distance distribution and predominant growth of the
islands in the vertical direction.

To see if there are temperature-induced changes in the
morphology of the LT-grown film with a nominal film
thickness of 30 nm upon heating up to RT, we took several
GISAXS images: after the end of the growth at LT, 10 min
after reaching RT and 60 min after reaching RT (Figure ).
The analysis of the horizontal line cuts (Figure Sb) made in
the same manner as for in situ measurements shows that there
is an increase in island-to-island distance from 149 + 6 nm
after the growth at LT to 202 + 2 nm after thermalizing for 60
min at RT, what is probably caused by the coalescence of
adjacent domains. Fringes in intensity along g, (Figure Sc) are
explained by the X-ray waveguide effect resulting from
conformal rou%hness between the substrate and the dbSeQ
thin film layer.>**

Optical Properties. Figure 6 displays the UV-—vis
absorption spectra measured for dbSeQ thin films with a
nominal thickness of 30 nm deposited on glass substrates at LT
and RT. Similar to previously gublished results for analogous
m-extended chalcogenadiazoles,”***%° the absorption spectrum
for the dbSeQ thin film grown at RT is notably broadened and
red-shifted when compared to the dbSeQ absorption spectrum
in solution (unpublished results), but in general resembles the
shape of the spectrum. Specifically, a pronounced peak is
observed at 2.85 eV (peak B), accompanied by two peaks of
lower intensity at 2.5 eV (peak A) and 3.17 eV (peak C).
Additionally, sub-optical band gap absorbance can be related
to light scattering from the rough surface of the organic thin
films.

For the LT film, the positions of the peaks remain practically
unchanged (Figure 6). The most notable differences occur in
the relative intensity of the peaks. Peak C becomes the most
prominent for the LT film, while the relative intensity of peaks
A and B decreases. Additionally, a minor blue shift is observed
for peak B. Considering the GIWAXS data, we attribute peaks
B and C to different electronic transitions with differently
oriented transition dipole moments. Therefore, the tilt of the
molecules toward the substrate and a considerable degree of
mosaicity can make changes in optical spectra for RT and LT

https://doi.org/10.1021/acs.jpcc.4c01515
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Figure 5. 2D GISAXS patterns of the dbSeQ thin film after the
growth at LT (4, left), thermalized at RT for 10 min (a, center) and
60 min (a, right) together with their horizontal (b) and vertical (c)
line cuts. Black and red dashed lines in (a) represent the horizontal
and vertical line cut directions, respectively. The gray rectangle in (c)
corresponds to the beam stop and intermodular gap of the detector.
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Figure 6. UV—vis absorption spectra of dbSeQ thin films with a
nominal thickness of 30 nm grown at RT and LT.

thin films of dbSeQ less pronounced. The interpretation of the
optical spectra of dbSeQ_ is intricate, and routine DFT
calculations performed for a single molecule in the gas phase
(Figure SS) do not satisfactorily reproduce the experimental
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spectra, whereas more sophisticated calculations are beyond
the scope of the paper.

For a more in-depth characterization of the optical
properties of dbSeQ, we conducted temperature-dependent
PL measurements. Since we employed a 532 nm laser for
excitation, only the low-energy shoulder of the long-wave-
length peak A gets excited. At 290 K, the PL spectra of dbSeQ_
grown at both RT and LT (Figure 7a) exhibit three discernible
bands: D (1.75 eV), E (1.87 eV), and F (2.07 eV). The
preeminent emission peak for the RT film is peak F, with peaks
D and E contributing to a broad tail toward lower energies.
Worth mentioning is the relatively substantial Stokes shift of
0.43 eV, a phenomenon previously observed in selenium-
containing chalcogenadiazoles.®”

In the case of the LT film, we again observe changes in the
relative intensities of the emission bands: the intensity of band
F decreases, while bands D and E become more prominent.
These distinctions between the spectra of films grown at RT
and LT become even more pronounced in the spectra obtained
at 80 K (Figure 7b). Alongside the peak narrowing, a distinct
change in their relative intensities is observed. Specifically, the
intensity of band F notably diminishes in the LT-grown film,
while the intensity of band D increases. Similarly, for the RT-
grown film, we observe a comparable tendency in these
changes, albeit with band F maintaining a comparatively high
intensity.

Time-correlated single photon counting (TCSPC) was
employed to analyze the time-resolved fluorescence kinetics
of thin films of dbSeQ. The acquired data (see Figure S6) were
fitted with a biexponential decay curve (with reduced chi-
squared values less than 1.2), revealing short (<600 ps)- and
long (>1.5 ns)-lifetime contributions. Given the susceptibility
of short-lifetime contributions to artifacts arising from varying
pulse travel times due to dispersion in the optical elements of
the microscope and short-lifetime components originating
from the microscope’s instrument response (see Figure S7),
only the long-lifetime contribution was utilized in the analysis.

To discern the differences between peaks D, E, and F, we
compared data collected across the entire emission spectrum
(Figure 8) with data obtained using a dichroic beam splitter at
635 nm (1.95 eV, Figure 8). This configuration allowed us to
isolate the signal of peak F and the small tail of peak E, directed
to the short-pass (SP) channel, from the optical signature of
peaks D and E, which are directed to the long-pass (LP)
channel (Figure S8). Notably, the higher relative intensity of
peak F in the RT thin film is accompanied by a longer median
lifetime of luminescence directed to the SP channel (2.49 ns
for RT, 2.42 ns for LT), suggesting that band F has a longer
lifetime than band E. Simultaneously, in the spectral region
belonging to the LP channel, the relative intensity of band D
was higher for the LT thin film, accompanied by a longer
median lifetime of luminescence (2.22 ns for LT, 2.05 ns for
RT). This observation leads us to conclude that the lifetime of
peak D is longer than that of peak E. Additionally, the overall
luminescence lifetime is higher for the LT thin films (2.32 ns
for LT, 2.13 ns for RT), aligning with our assumptions, as the
LP channel contributes more significantly to the total lifetime
than the SP channel (Figure S8). Taken together, these
findings suggest that all three peaks are of different electronic
nature.

However, the exact electronic nature of the involved excited
state remains elusive. Overall, the thin films of dbSeQ
constitute a material with intricate optical properties,
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Figure 7. PL spectra of dbSeQ_thin films with a nominal thickness of 30 nm grown at RT and LT obtained at 290 K (a) and 80 K (b).
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Figure 8. Luminescence lifetimes of dbSeQ _thin films with a nominal
thickness of 30 nm grown at RT and LT, measured over the entire
emission spectral range (Total) and with a beam splitter at 635 nm
separating the signal to short-pass (SP < 635 nm) and long-pass (LP
> 635 nm) channels. Data were collected at 77 K upon excitation at
485 nm. The boxplots represent the long-lifetime contribution
obtained by fitting the time-resolved luminescence with a
biexponential decay function. The whiskers indicate the lowest and
highest lifetime values.

demanding a further thorough investigation and posing a
challenge for theoretical understanding.

B CONCLUSIONS AND SUMMARY

We conducted a comprehensive investigation of the growth,
molecular structure, and optical properties of vacuum-
deposited dbSeQ at both cryogenic and ambient substrate
temperatures. Our findings reveal that dbSeQ tends to form a
thin film of low crystallinity, which is evident from the
presence of Debye—Scherrer rings rather than single diffraction
peaks. However, our experimental results indicate that the
preferred orientation of the crystallites on the substrate can be
substantially altered by changing the substrate temperature. At
room temperature, thin films exhibit a predominant edge-on
orientation of the molecules toward the substrate, resulting in
the three-dimensional (3D) growth of islands and the
formation of needle-like structures. Conversely, at low
temperatures, there is a transition of molecular orientation
toward a predominant face-on configuration, leading to a
distinct grain morphology and higher surface roughness. In situ
GISAXS data confirmed different growth regimes at room and
low temperatures and showed that at low temperatures, grains
are distant from each other and adopt the substrate
morphology. This change in orientation also induces changes
in the optical spectra of the thin films.

We demonstrate control over the molecular orientation on
the substrate and consequently properties of the material via
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changes in the substrate temperature. The introduction of this
new material holds great promise for optoelectronic devices,
underscoring the broad applicability of the template-free
approach in achieving diverse molecular orientations for thin
films with well-defined crystalline properties.
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