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ABSTRACT: A crucial aspect of the fabrication of optoelectronic
devices based on organic small molecules is the understanding of the
growth and the postgrowth effects in thin films of these molecules.
One of the factors that can negatively impact the performance of a
given material despite its suitability in terms of electrical and optical
properties is the dewetting of the produced film. The present work
reveals the growth behavior and the postgrowth effects in thin films of
dibenzoselenadiazoloquinoxaline (dbSeQ), a new organic semi-
conductor, thin films of which tend to dewet on Si/SiOx substrates.
To overcome this limiting feature, we deposited thin films of dbSeQ in
combination with well-studied organic semiconductors, namely,
diindenoperylene (DIP) and pentacene (PEN) at room and low
substrate temperatures (RT and LT, respectively). Using X-ray
scattering techniques, i.e. grazing-incidence small-angle X-ray scattering (GISAXS) and X-ray reflectivity (XRR), we characterized
the growth and the annealing of thin films in situ in real time. The combination of atomic force microscopy (AFM), grazing-
incidence wide-angle X-ray scattering (GIWAXS) and UV−Vis absorption spectroscopy provides additional important information
about the morphology, structure and optical properties of the deposited films ex situ. We found that in thin films grown at RT,
dbSeQ molecules predominantly adopt an edge-on orientation, which leads to formation of pronounced islands on the substrate.
This growth mode of dbSeQ was also observed in bilayer and codeposited films with DIP and PEN. In case of LT growth, dbSeQ
molecules adopt a lying orientation that in turn results in a very smooth dbSeQ layer. Further findings reveal pronounced structural
and morphological changes in LT-grown films during their annealing to RT. These results are of great importance for understanding
the growth of organic semiconductors incorporating fused 1,2,5-selenadiazoles and the factors that influence it, which can be used for
the future development of thin film-based devices.

■ INTRODUCTION
Organic semiconductor thin films play a crucial role in various
optoelectronic applications, including organic photovoltaics
(OPVs), organic light-emitting diodes (OLEDs), and organic
field-effect transistors (OFETs).1−5 A key strategy to optimize
the electronic properties of these devices involves controlling
the molecular arrangement of donor and acceptor materials,
which can be achieved through different preparation
approaches. Two widely used approaches are bulk hetero-
junctions (BHJs), where donor and acceptor molecules are
codeposited to form the active medium, and planar
heterojunctions (PHJs), where distinct donor and acceptor
layers are sequentially deposited.6−13

The performance of organic electronic devices depends on
the ability to prepare thin films that are smooth, continuous,

and structurally well ordered.14,15 Many molecular semi-
conductors that display excellent intrinsic electronic properties,
however, suffer from morphological instabilities during
deposition or postgrowth. In particular, strong roughening
during growth and postgrowth dewetting are challenges for the
reliable preparation of high-quality thin-film devices.
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Dewetting phenomena in molecular thin films have long
been recognized as a challenge in organic thin-film fabrication
and have been the subject of extensive studies.16 Well-studied
examples of postgrowth dewetting include dinaphthothieno-
thiophene (DNTT),17,18 α-sexithiophene (6T),19 and diinde-
noperylene (DIP).20

The dewetting and roughening processes are mainly
governed by substrate−molecule interactions and temperature.
During deposition, dewetting tendencies may already manifest
and intermingle with kinetic roughening processes, making it
challenging to disentangle the contributions of thermody-
namics and kinetics. After growth, additional reorganization
can occur dependent on temperature, revealing the activation
barriers associated with interfacial instabilities.

In this work, we investigate a molecular semiconductor with
promising electronic characteristics, but which turns out to
exhibit an unfortunate tendency to dewet. Differently
substituted 1,2,5-thia- and selenadiazoles have found applica-
tions in photovoltaics and optoelectronics as electron-accept-
ing core.21−26 Incorporation of fused 1,2,5-thia/selenadiazoles
in donor−acceptor copolymers results in increased power
conversion efficiency reaching values of more than 18%.27−29

Here, we examine the growth, resulting structure, and optical
properties of neat, bilayer and codeposited thin films
incorporating a novel material dibenzo[f,h][1,2,5]-
selenadiazolo[3,4-b] quinoxaline (dbSeQ, Figure 1).30,31

Despite its excellent electronic properties, its tendency to
dewet on Si/SiOx substrates so far appears to limit its
applicability in optoelectronic devices.32

To improve the morphology of the resulting film and create
charge transfer states, we combined dbSeQ with two donor
materials, diindenoperylene (DIP) and pentacene (PEN),
extensively studied organic semiconductors with excellent
electronic properties and high structural order.33−41 We study
both their growth and structure as well as complementary
optical properties.

By comparing low-temperature (LT) growth with deposition
at room temperature (RT), we probe how temperature
controls the onset and strength of dewetting during film
formation. Furthermore, by annealing the LT-grown films to
room temperature, we study the postgrowth evolution of
morphology, allowing us to extract information on the
activation temperature of the dewetting transition. We
examined the growth and structure of both on-top deposition
and codeposition of dbSeQ with DIP and PEN. In situ X-ray
scattering is an ideal tool to gain insights into dewetting growth
process and associated thin film parameters in real-time (layer
thickness, roughness, island sizes).42 X-ray reflectivity (XRR),
grazing-incidence wide-angle X-ray scattering (GIWAXS), and
grazing-incidence small-angle X-ray scattering (GISAXS)
provided insights into thin-film structure and growth
mechanisms, while atomic force microscopy (AFM) and
optical absorption spectroscopy allowed for a detailed analysis
of morphological and optical properties. Our results reveal
differences in the growth dynamics of dbSeQ in layered and
codeposited systems, shedding light on templating effects and
mixing scenarios. By comparing these findings, we establish a
direct correlation between the deposition conditions, molec-
ular interactions, and the resulting film morphology, which is
crucial for the design of next-generation organic electronic
devices.

■ MATERIALS AND METHODS
dbSeQ was synthesized and provided by the group of Prof.
Zibarev (Novosibirsk Institute of Organic Chemistry) and
used as received.30 DIP was received purified by gradient
sublimation from the University of Stuttgart, Germany. PEN
was obtained from Sigma-Aldrich with a purity of 99.9% and
was used without further purification. The chemical structures
of the three compounds are presented in Figure 1.

Thin films were grown in a portable vacuum chamber under
ultrahigh vacuum conditions using organic molecular beam
deposition (OMBD).42−45 We used two types of substrates:
silicon wafers (Si(100), p-type doped) with a native oxide layer
for X-ray and AFM characterization and quartz wafers for UV−
Vis absorption spectroscopy. Before the deposition, we cleaned
the substrates in an ultrasonic bath with acetone and
isopropanol for 10 min each, followed by heating to 480 K
inside the vacuum chamber for 12 h.

During film growth, the substrate temperature was
maintained at 303 K (room temperature, RT) or 173 K (low
temperature, LT). The deposition rate was monitored using a
quartz crystal microbalance (SQM-160, Inficon). For the
deposition of neat compounds, the deposition rate was 0.3
nm/min, and for codeposited compounds the total deposition
rate was 0.6 nm/min.
In situ XRR scans and real-time GISAXS measurements for

neat dbSeQ films and films containing DIP were performed at
beamline ID10-SURF at the ESRF (Grenoble, France)46 using
an X-ray beam focused to 17 × 35 μm2 (hor. × vert.) with a
wavelength of 1.033 Å. The GISAXS measurements were
conducted at an incidence angle of 0.4° (i.e., above the critical

Figure 1. Chemical structures and experimental setup. Chemical
structures of the small organic molecules used (left). Schematic of the
experimental setup for GISAXS measurements during codeposition of
two organic semiconductors (right). X-ray beam scatters with an
incidence angle αi and the critical angle of the material denotes as αc.
qxy and qz denote the horizontal and vertical components of the
scattering vector, respectively.
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angle of the Si/SiOx substrate and all organic layers) using a
2D detector (Dectris EIGER X 4M, pixel size 75 × 75 μm2)
placed at a distance of 4000 mm from the sample.
In situ real-time GISAXS measurements for films containing

PEN were performed at beamline P03 at DESY (Hamburg,
Germany)47 using an X-ray beam focused to 27 × 25 μm2

(hor. × vert.) with a wavelength of 1.044 Å at an incidence
angle of 0.4°. A 2D detector (Dectris PILATUS 2M, pixel size
172 × 172 μm2) was used for the experiment, with a sample-
to-detector distance of 4115 mm. A sketch of the experimental
setup is presented in Figure 1.

All ex situ XRR scans were measured on a lab diffractometer
(GE XRD-3003TT) using CuKα1 radiation (λ = 1.5406 Å). Ex
situ GIWAXS characterization was performed on a Xeuss 2.0
(Xenocs) in-house instrument using CuKα radiation (λ = 1.542
Å) at an incidence angle of 0.2°, employing a PILATUS 300K
detector (Dectris).

The surface morphology of the thin films was characterized
ex situ using AFM microscopy in tapping mode, which was
performed using a NanoWizard II microscope (JPK Instru-
ments). Ex situ UV−Vis absorption spectra were measured in
transmission mode using a PerkinElmer Lambda 950 UV−
Vis−NIR spectrometer.

The AFM data was analyzed using the Gwyddion software
package.48 XRR data were fitted using the custom-developed
program based on the refnx data analysis package49 and the
reflectorch (mlreflect 2.0) data analysis package
that utilizes the machine learning approach.50−52 GIWAXS
data were processed using pygid Python data analysis
package for fast data reduction.53

■ RESULTS AND DISCUSSION
Morphology Evolution during Growth. We tracked the

morphology evolution of the thin films by in situ GISAXS
measurements during their growth in real time. This technique
allows a nondestructive and precise observation of the growth
process and has already proved its applicability for the

investigation of comparatively rough thin films of neat
dbSeQ.11,32,54−56

We start with the case of neat dbSeQ films grown on a Si/
SiOx at RT. Figure 2a shows GISAXS patterns taken at the
beginning and at the end of the deposition. At the initial
deposition stage, the prominent central streak at qxy = 0
originating from the Si/SiOx substrate is observable. As
deposition continues, two symmetrically located side peaks
emerge, suggesting the formation of laterally correlated
structures on the substrate.57 The position of the side peaks
corresponds to the correlation length Dcorr ≈ 2π/qxy, where qxy
is the fitted peak position.54 Dcorr can be interpreted as a
characteristic lateral length scale of the average electon density
distribution of the features on the substrate and is affected by
the interisland distance (e.g., structure factor). Subsequently,
these side peaks obscure the central peak, due to the increased
film roughness and respective nanostructure formation.58

Quantitative information is extracted by making line cuts
along qxy (horizontal line cut) at the Yoneda peak position of
dbSeQ (corresponding to qz,c(dbSeQ) = 0.558 Å−1 in the
current experiment) and along qz at qxy = 0 (vertical line cut).
Figure 2b,c present the temporal evolution of horizontal and
vertical intensity cuts, respectively, plotted versus the nominal
thickness of the deposited film. As demonstrated in Figure 2b,
as the nominal thickness approaches 1 nm, two symmetrically
located peaks with respect to qxy = 0 emerge and at this point
Dcorr equals 617 ± 15 nm. As the growth continues, we observe
the increase in intensity of the side peaks that arises from the
increase in the amount of dbSeQ on the substrate surface.
During the deposition, the correlation length slightly increases
and at the end of the deposition the correlation length yields
Dcorr = 795 ± 5 nm. As illustrated in Figure 2c, the temporal
evolution of vertical intensity cuts reveals a pronounced
Yoneda peak that becomes more intense during the deposition
process. This is attributed to an increase in the amount of
material illuminated by the X-ray beam. The in situ XRR
analysis (a typical XRR curve is presented in Figure S6a in the

Figure 2. In situ GISAXS analysis of the growth of neat dbSeQ thin films (dnom = 30 nm) on Si/SiOx at RT (top row, panels (a−c)) and LT
(bottom row, panels (d−f)). 2D GISAXS patterns measured at the beginning (top part) and end (bottom part) of the deposition (a,d), and
evolution of the intensity in the horizontal cut of the GISAXS pattern (integrated in the range of qz = 0.056−0.060 Å−1) (b,e) and vertical cut
(integrated in the range of qxy = −0.001−0.001 Å−1) (c,f) during the deposition as a function of the thickness. The green dashed line in panel (e)
shows the fit result of the side peak position. The white vertical and horizontal lines are due to intermodular gaps of the detector.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c06408
J. Phys. Chem. C 2025, 129, 21223−21234

21225

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c06408/suppl_file/jp5c06408_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig2&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Supporting Information) does not show any features because
of very high surface roughness of the resulting film. We
conclude that for the RT growth of neat dbSeQ, pronounced
island growth is observed from the beginning of the deposition
and the growth mode remains unchanged.

A comparison of the growth of neat dbSeQ at LT with its
growth at RT reveals several differences. As demonstrated in
Figure 2d, for the LT growth of dbSeQ, a prominent central
streak that arises from Si/SiOx is observable. Throughout the
entire deposition process, the central peak remains uncovered
by the side peaks. This indicates a low film roughness, a finding
that is confirmed by the in situ XRR measurements presented
in the next section. Figure 2e,f present the temporal evolution
of horizontal and vertical intensity cuts, respectively, plotted
versus the nominal thickness of the deposited film. As
illustrated in Figure 2e, it is possible to differentiate between
two distinct stages of growth, namely 0−10 and 10−30 nm. In
the initial stage at dnom ≈ 3.1 nm, the side peaks appear at
relatively large qxy values (qxy = 0.032 Å−1). These peaks
undergo a rapid shift toward lower qxy values indicating the
nucleation and growth of the film. As the nominal film
thickness reaches 10 nm, the peak position becomes almost
unchanged with minimal fluctuations. The shift in the side
peak position can be described by an exponential function

= + ( )q d q A( ) expxy
d
d0 0

, where q0 = 0.01 Å−1, A = 0.057

Å−1, and d0 = 2.67 nm (dashed line in Figure 2e).59 The fit is

presented in Figure S1a in the Supporting Information. The
corresponding correlation length Dcorr at the beginning of the
deposition (dnom = 1.7 nm) equals 20 ± 1 nm, and at the end
(dnom = 30 nm) it is 63.0 ± 0.8 nm. Extrapolated to the onset
of growth (dnom = 0 nm), the fitted curve implies a correlation
length of Dcorr = 9.4 nm.

We propose that the growth of neat dbSeQ at LT is
characterized by an initial formation of flat islands and
proceeds as follows. At the onset of the initial stage, a high
number of small islands emerge on the surface of the substrate.
Then, the islands coalesce to form larger islands, as evidenced
by the increase in the correlation length. In the second stage,
the increase in correlation length is negligible, indicating that
the film grows predominantly vertically. The temporal
evolution of vertical intensity cuts presented in Figure 2f
shows the intensity modulations throughout the entire
deposition. They shift toward lower qz values, as the thickness
increases, indicating the continuous vertical growth of a
smooth film.54,57 During the annealing to RT the morphology
of the LT-grown film changes drastically, as was confirmed by
the in situ XRR results discussed in the next section.

To understand the influence of an organic templating layer
on the growth of the dbSeQ overlayer, we studied the growth
of the bilayer dbSeQ/DIP thin films. Figure 3a presents the
GISAXS patterns for the growth of bilayer dbSeQ/DIP film
(nominal thicknesses dnom(dbSeQ) = 30 nm, dnom(DIP) = 20
nm) on Si/SiOx at RT. The two pronounced intensity peaks

Figure 3. In situ GISAXS analysis of the growth of: bilayer dbSeQ/DIP thin films on Si/SiOx at RT (dnom(dbSeQ) = 30 nm) (top row, panels (a−
c)) and LT (dnom(dbSeQ) = 30 nm) (middle row, panels (d−f)) and codeposited dbSeQ/DIP 1:1 thin film on Si/SiOx at RT (dnom(total) = 36
nm) (bottom row, panels (g−i)). 2D GISAXS patterns measured at the beginning (top part) and end (bottom part) of the deposition (a,d,g), and
evolution of the intensity in the horizontal cut (integrated in the range of qz = 0.056−0.060 Å−1) (b,e,h) and vertical cut (integrated in the range of
qxy = −0.001−0.001 Å−1) (c,f,i) of the GISAXS pattern during the deposition as a function of the thickness. The green dashed line in panel (e)
shows the fit result of the side peak position. The white vertical and horizontal lines are due to intermodular gaps of the detector.
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observed at the initial stage of the deposition (Figure 3a, top
part) correspond to the templating DIP layer deposited at RT,
which is consistent with the known growth behavior of DIP
thin films at RT.58 As the deposition reaches its final stage
(Figure 3a, bottom part), the well-defined peaks become
indistinguishable due to an increase in correlation length. More
information on the system can be obtained from Figure 3b,c in
which the temporal evolution of horizontal and vertical
intensity cuts, respectively, is presented. As illustrated in
Figure 3b, data from horizontal line cuts demonstrate that at
the initial growth stage, two DIP-related side peaks are present.
The correlation length, Dcorr = 238 ± 3 nm, and there is no
shift in qxy. This indicates that there are no alterations in
periodicity or morphology of the template layer.60 As the
nominal thickness of dbSeQ reaches 1 nm, the dbSeQ-related
peaks become observable. Unfortunately, the peak positions
are not resolvable in the experiment, which can be attributed to
large correlation length of the dbSeQ islands. The vertical line
cut data in Figure 3c show the minor differences compared to
the growth of neat dbSeQ at RT. It is hypothesized that in a
manner analogous to the case of RT growth of a neat dbSeQ
film, island formation occurs from the onset of deposition. The
influence of the templating layer is evident from the correlation
lengths for dbSeQ that exceed the resolution achievable in the
experiment, indicating larger dbSeQ islands than those for neat
RT-grown dbSeQ. XRR data for the RT-grown bilayer dbSeQ/
DIP film (Figure S6b in the Supporting Information) show
that there are no scattering features that are characteristic of
the new structures, only DIP-related features are observable
after deposition and subsequent annealing, which we attribute
to the limited impact of DIP on the dbSeQ layer.

Similarly to the case of neat dbSeQ, the growth of dbSeQ on
the DIP layer at LT significantly differs from its growth at RT,
which is confirmed by in situ GISAXS data for the LT growth
of bilayer dbSeQ/DIP film (nominal thicknesses dnom(dbSeQ)
= 30 nm, dnom(DIP) = 20 nm) in Figure 3d. Likewise to the
growth of neat dbSeQ at LT, the central peak with highest
intensity is present during the entire deposition, indicating the
high smoothness of the film (which is confirmed by in situ
XRR measurements in the following section). The temporal
evolution of horizontal intensity cuts presented in Figure 3e,
reveals that at the beginning of the deposition only DIP-related
peaks (corresponding correlation length Dcorr = 28.0 ± 0.4 nm)
are observable. As the nominal thickness of dbSeQ equals 3
nm, we could resolve the dbSeQ-related side peaks that
facilitated extracting the correlation length Dcorr = 34.0 ± 0.2
nm. In the last resolvable point (dnom(dbSeQ) = 10 nm) it
equals 66 ± 5 nm. The presence of a high-intensity central
peak, originating from the smooth Si/SiOx substrate and DIP
layer, in combination with relatively low-intensity side peaks,
made it impossible to resolve side peaks beyond this point.

The peak position evolution during dbSeQ film growth on
top of DIP can again be described by an exponential function

= + ( )q d q A( ) expxy
d
d0 0

, where q0 = 0.005 Å−1, A = 0.018

Å−1, and d0 = 10.5 nm (dashed line in Figure 3e). We can
conclude that the correlation length Dcorr in the bilayer film
decays almost five times slower than the one for neat LT-
grown dbSeQ. From extrapolation of the fit to the
experimental data, we derived a correlation length Dcorr =
104 nm for the fully grown, 30 nm thick dbSeQ film (see
Figure S1b in the Supporting Information). A vertical line cut
mapping in Figure 3f reveals the pronounced intensity

modulations that are indicating the continuous vertical layer
growth, similarly to the growth of neat dbSeQ at LT. For the
LT growth of bilayer dbSeQ/DIP, we suggest that the
observed growth behavior is analogous to that of the growth
of neat dbSeQ at LT. However, at the initial stage, dbSeQ
inherits the correlation length of the predeposited DIP layer.
The evolution of the film morphology during the annealing to
RT is discussed in the following.

The next step in our investigations is the codeposition of
dbSeQ with DIP at RT, and 2D GISAXS patterns taken during
the RT growth of the codeposited dbSeQ/DIP 1:1 film
(dnom(total) = 36 nm) are presented in Figure 3g. Initially, only
a central streak is visible, and by the end of the deposition it is
completely covered by side peaks because of the increased
correlation length and increased roughness. We observe two
sets of side peaks that belong to both compounds, dbSeQ-
related peaks closer to qxy = 0 and DIP-related peaks at larger
values. In the temporal evolution of horizontal intensity cuts in
Figure 3h, we observe two distinct length scales that belong to
both compounds.

It is evident that the DIP- and dbSeQ-related peaks
demonstrate behavior consistent with that observed for pure
compounds.56,58,61 The absence of intensity for the DIP-
related peaks at dnom(total) = 4 nm is attributed to the closed
layer of the dbSeQ and DIP mixture. At RT, the growth of the
neat DIP film is characterized by a transition from layer-by-
layer to island growth after 3−5 monolayers.56,62,63 Interest-
ingly, in the codeposited film with dbSeQ, only a single closed
layer is formed before the transition to island growth. The
correlation length Dcorr(DIP) at the beginning of the
deposition (dnom(total) = 1 nm) equals to 63.0 ± 0.5 nm.
Then the growth mode of DIP carries over to the island
growth scenario, as can be seen from the minor changes in
peak position. The correlation length at the thickness
dnom(total) = 7 nm equals Dcorr(DIP) = 108 ± 1 nm. It stays
almost constant throughout the deposition, reaching
Dcorr(DIP) = 119.0 ± 0.4 nm at the end of the deposition
(dnom(total) = 36 nm).

dbSeQ exhibits a behavior analogous to that of the RT
growth of a neat compound, showing island growth after the
first layer is closed, without a change in the growth mode. We
resolved dbSeQ-related peaks corresponding to Dcorr(dbSeQ)
= 647 ± 6 nm at the thickness dnom(total) = 7 nm, and at the
end of the deposition the correlation length Dcorr(dbSeQ)
slightly decreased to 628 ± 4 nm. As illustrated in Figure 3i,
the vertical line cut mapping exhibited only minor alterations
in comparison to the growth of pristine dbSeQ at RT. Slight
intensity modulations in the qz direction point to a continuous
vertical growth of the DIP layer. In the case of the codeposited
dbSeQ/DIP 1:1 film, it is suggested that phase separation takes
place after the first layer is closed. This corresponds well to the
previously reported results on codeposition of two metals.64 A
decrease in correlation length for the dbSeQ islands is
observable in comparison to the growth of neat dbSeQ. This
phenomenon can be attributed to the influence of DIP in the
codeposited film. Figure S6c in the Supporting Information
shows the in situ postgrowth XRR scans of the RT-grown
codeposited dbSeQ/DIP 1:1 film with a nominal thickness of
36 nm. Only the features related to the DIP are observed,
including the Bragg peak at qz = 0.375 Å−1. The absence of
dbSeQ-related features indicates the high roughness of the
dbSeQ islands.
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Heterostructures incorporating dbSeQ and PEN show a
qualitatively similar growth behavior to the structures with
DIP, where the islands of dbSeQ and PEN exhibit unresolvably
large correlation lengths for the bilayer and codeposited films.
Moreover, we suggest, based on GISAXS, AFM and GIWAXS
data, a phase separation behavior for the codeposited dbSeQ/
PEN 1:1 film grown at RT, similarly to dbSeQ/DIP 1:1 at RT.
The results for the bilayer dbSeQ/PEN and codeposited
dbSeQ/PEN 1:1 films are presented in Figure S2a−d in the
Supporting Information, respectively. The ex situ XRR data for
the bilayer dbSeQ/PEN film and the codeposited dbSeQ/PEN
1:1 film are presented in Figure S6d in the Supporting
Information, and reveal the absence of the new scattering
features for these samples, where only the features from PEN
are observable.
Morphology Evolution during Annealing to RT. To

investigate the evolution of the morphology of the thin films
grown at LT during their annealing to RT, in situ XRR and
GISAXS measurements were performed. Figure 4a presents a
postgrowth XRR scan of a neat dbSeQ film (dnom = 30 nm)
deposited at LT (blue curve) along with scans recorded at
subsequent annealing steps up to 313 K.

Pronounced Kiessig fringes are visible for all but the scan at
RT, indicating very smooth films up to this temperature. Above
273 K, the XRR results resembled those previously observed
for RT-grown films (Figure S6a in the Supporting
Information). This indicates that the LT-grown film is initially
very smooth and remains smooth as the temperature increases,
until it reaches 273 K. In the temperature region between 273
and 313 K, the film exhibits strong roughening, which leads to
the absence of fringes in the XRR pattern. Fitting the data
using two approaches, as shown in Figure S7a in the
Supporting Information, reveals the low roughness for the
dbSeQ film (σ = 0.41 ± 0.03 nm) which persists up to 273 K.
Strong roughening is attributed to the strong dewetting of the
thin film as a result of an increased thermal energy. Additional
GISAXS data was obtained during each annealing step and the
results are presented in Figures S3 and S5a in the Supporting
Information. Another consequence of the dewetting is a
change in the correlation length of the neat LT-grown film
with each annealing step, from Dcorr = 62 ± 3 nm at T = 173 K
to Dcorr = 182 ± 5 nm at T = 313 K.
In situ XRR data for bilayer dbSeQ/DIP film (dnom(dbSeQ)

= 30 nm, dnom(DIP) = 20 nm) grown at LT are shown in
Figure 4b. DIP films grown at low temperature on Si/SiOx
predominantly adopt the λ-crystalline phase with DIP
molecules in lying-down geometry on the substrate and are
characterized by smooth surface.65,66 At the same time, a weak

Bragg peak at approximately 0.37 Å−1 is observed for the
postgrowth DIP XRR scan. This Bragg reflection is character-
istic of the σ-phase of DIP with standing-up molecules, which
is known to coexist with the λ-phase.67−69 The roughness of
the DIP layer defined from the fit of the Kiessig oscillations
(Figure S7b in the Supporting Information) is 1.10 ± 0.02 nm.
After dbSeQ was deposited, the roughness decreased to 0.44 ±
0.01 nm. We observe slight roughening of the film after
annealing to 253 K, where the roughness of dbSeQ layer equals
0.91 ± 0.02 nm and as temperature reaches 273 K, we observe
changes in contrast for the Kiessig fringes which indicate that
the coverage of the dbSeQ layer has changed. Starting from T
= 253 K, the Bragg reflection at qz ≈ 0.37 Å−1 becomes more
pronounced as the temperature increases, which we attribute
to reorientation of the DIP domains from λ- to σ-orientation.
As temperature reaches 313 K, we observe the absence of the
dbSeQ-related features, and the smoothening of DIP film, to
the roughness of 0.40 ± 0.01 nm. We do not observe new
Bragg peaks attributable to dbSeQ neither directly after its
growth nor after the annealing. GISAXS data was obtained
during each annealing step and the results are presented in
Figures S4 and S5b in the Supporting Information. We observe
a decrease in the correlation length with every annealing step
up to 313 K, from Dcorr = 190 ± 7 nm at T = 253 K to Dcorr =
70 ± 5 nm at T = 273 K. Above T = 273 K, the correlation
length increases to Dcorr = 246 ± 4 nm at T = 313 K, which can
be attributed to the desorption of the dbSeQ molecules due to
dewetting, which in turn uncovers the DIP with higher
correlation length.

Ex Situ Morphology Studies in Real Space. The AFM
data for the neat dbSeQ films grown at RT and LT after their
annealing to RT are presented in Figure 5a,b, respectively. We
observe that at RT dbSeQ forms pronounced needle-like
islands, randomly oriented on the substrate surface, with
separate islands that reach up to 190 nm in height for a film
with a nominal thickness of 24 nm. The surface coverage
equals ∼40%, and the interisland distance Dii equals 746 ± 245
nm, which is in good agreement with the GISAXS data, for
which Dcorr = 795 ± 5 nm.

The average length of the islands is 913 ± 470 nm, and the
average width is 197 ± 50 nm. The average roundness of the
islands (width/length ratio) is equal to 0.28 ± 0.17, where 1
would be a perfect circle.

The AFM image of the LT-grown film of neat dbSeQ (d =
17 nm) reveals the presence of numerous randomly oriented
islands that do not exhibit the same needle-like morphology as
the RT-grown film. The surface coverage is a bit smaller, i.e.
26%, and the interisland distance is Dii = 435 ± 159 nm, while

Figure 4. XRR measurements of the samples grown at LT post growth and during the annealing to RT: neat dbSeQ on Si/SiOx (a) and dbSeQ/
DIP bilayer (BL) (b). All curves are vertically offset for clarity. For fitting and data analysis see Figure S7 in the Supporting Information.
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the GISAXS data shows the correlation length 63.0 ± 0.8 nm
for the film of comparable thickness. This discrepancy can be
explained by the strong dewetting during annealing of the film
to RT after growth at LT. The average length of the islands is
336 ± 143 nm and the average width is 192 ± 85 nm. The
mean roundness of the islands is 0.61 ± 0.22, which is closer to
the round particles than the islands appearing in the RT-grown
sample.

The AFM image of the bilayer dbSeQ/DIP film (ddbSeQ = 8
nm, dDIP = 20 nm) grown at RT is presented in Figure 5c. The
morphology of the bilayer film differs from that of the pristine
dbSeQ film grown on Si/SiOx, where the islands of dbSeQ in
the bilayer film are more pronounced and uniform, while the
surface coverage is about 33%. The interisland distance is Dii =

530 ± 220 nm, while the correlation length from the GISAXS
data is higher than the experimental resolution. We speculate
that this is due to the overlap of the needle-like islands of
dbSeQ. The average length of the islands is 881 ± 351 nm, and
the average width is 116 ± 28 nm. The average roundness of
the islands equals 0.21 ± 0.13, indicating that the dbSeQ
islands in the bilayer film are more elongated than the islands
in neat dbSeQ film.

The morphology for a RT-grown codeposited dbSeQ/DIP
1:1 film (ddbSeQ = 17 nm, dDIP = 25 nm) is presented in Figure
5d. The average island length equals 549 ± 316 nm and the
average width equals 165 ± 35 nm, with average roundness
equal to 0.33 ± 0.17, while the surface coverage is about 36%.
The average interisland distance of dbSeQ Dii = 556 ± 183 nm
is in a good agreement with the correlation length extracted
from GISAXS data that equals Dcorr = 628 ± 4 nm. Compared
to the neat dbSeQ film, the islands of dbSeQ in the
codeposited film are almost 2-fold shorter, which we attribute
to the sterical competition between dbSeQ and DIP islands.

The AFM data for RT-grown heterostructures that
incorporate PEN are presented in Figure S8 in the Supporting
Information. For the bilayer dbSeQ/PEN film we observe the
overlapping elongated dbSeQ islands, as for the bilayer
dbSeQ/DIP film. For the codeposited dbSeQ/PEN 1:1 film
we observe the needle-like dbSeQ islands that are smaller than
the ones for the bilayer film. We can clearly see the islands of
PEN between the islands of dbSeQ indicating a phase-
separation of both compounds in the codeposited film.
Crystalline Structure of the Films. GIWAXS patterns

measured ex situ for various neat, bilayer and codeposited films
of dbSeQ and DIP are presented in Figure 6. For the RT-
grown and LT-grown films of neat dbSeQ pictured in Figure
6a,b, respectively, we observe the difference in the GIWAXS
patterns caused by the reorientation of the unit cells on the
substrate under the influence of substrate temperature.32 Thin
films of dbSeQ grown at RT show Debye−Scherrer rings at q =
0.50, 0.79, 0.85, 1.00, 1.34 Å−1 with the maximum of intensity

Figure 5. Real space AFM characterization of the grown films: neat
dbSeQ film grown at RT (a), neat dbSeQ grown at LT (b), bilayer
dbSeQ/DIP film grown at RT (c) and codeposited dbSeQ/DIP 1:1
film grown at RT (d).

Figure 6. GIWAXS data for: neat film of dbSeQ grown at RT (a), neat film of dbSeQ grown at LT (b), bilayer film of dbSeQ/DIP grown at RT
(c), codeposited film of dbSeQ/DIP 1:1 (d).

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.5c06408
J. Phys. Chem. C 2025, 129, 21223−21234

21229

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.5c06408/suppl_file/jp5c06408_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcc.5c06408?fig=fig6&ref=pdf
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.5c06408?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


aligned along qz and rings at q = 1.69, 2.03, 2.26 Å−1 with the
maximum of intensity aligned along qxy. This corresponds to
the known dbSeQ structure with the unit cell parameters a =
3.88 Å, b = 15.85 Å, c = 20.33 Å, α = γ = 90°, β = 90.567° with
the preferred [001] orientation (σ-phase with the edge-on
orientation of molecules).

The LT-grown dbSeQ film also shows Debye−Scherrer
rings at the same q-values, but compared to the RT-grown film,
most of the intensity for rings at q = 0.50, 0.79, 0.85, 1.00, and
1.34 Å−1 is aligned along qxy, and for rings at q = 1.69, 2.03,
2.26 Å−1 most of the intensity is aligned along qz. This intensity
realignment indicates the [100] orientation of the same unit
cell corresponding to the λ-phase of the dbSeQ, where the
molecules exhibit the face-on orientation.32 Importantly, the
results for the LT-grown film were obtained after annealing
back to RT; therefore, these data are for the annealed film after
its dewetting.

GIWAXS data for the bilayer dbSeQ/DIP film grown at RT
are presented in Figure 6c. The measured patterns reveal the
presence of pronounced intensity peaks, which are predom-
inantly attributed to DIP (truncation rods at qxy = 1.17 and
1.48 Å−1 and a bright peak at qxy = 0, qz = 0.37 Å−1). All these
peaks belong to the thin film σ-phase of DIP,70 while the weak
Debye−Scherrer rings (q = 0.50, 0.85, and 1.05 Å−1) are
related to dbSeQ. The absence of new features in the GIWAXS
data indicates the weak influence of DIP on ordering of
dbSeQ.

The results obtained for the codeposited dbSeQ/DIP 1:1
film confirm above suggestions about phase separation during
codeposition. In Figure 6d we observe intense peaks of DIP
(truncation rods at qxy = 1.17, 1.48, 1.71 Å−1 and two peaks at
qxy = 0, qz = 0.37 Å−1 and 0.72 Å−1) and weak Debye−Scherrer
rings related to dbSeQ (q = 0.50, 0.85, and 1.05 Å−1). We
observe the absence of new features indicative of a new mixed
crystalline structure or enhanced long-range order in the
codeposited film; however, there is a peak at qxy = 0.37 Å−1, qz
= 0 which corresponds to λ-phase of DIP, indicating the partial
reorientation of DIP molecules due to the presence of dbSeQ.

GIWAXS data for heterostructures that incorporate PEN are
presented in Figure S9 in the Supporting Information and
show that for the bilayer dbSeQ/PEN film the most
pronouncedly visible peaks belong to the thin film phase of
PEN while the weak Debye−Scherrer rings arise from dbSeQ.
Similarly to the bilayer dbSeQ/DIP film, we observe the
absence of new features characteristic for new structure or
different phases of dbSeQ, that in turn indicates the weak
influence of PEN templating layer on the dbSeQ overlayer. For
the codeposited dbSeQ/PEN 1:1 film, there are no new
diffraction peaks indicative of a new mixed crystalline structure.
However, we observe an intense peak at qxy = 0.16 Å−1 and qz
= 0.42 Å−1 that corresponds to the tilted by 21° Holmes bulk
phase of PEN.71 We attribute the appearance of this phase of
PEN to the influence of dbSeQ in the codeposited film.
Optical Properties. In Figure 7, we present the UV−Vis

absorption spectra normalized to film thickness. For the RT-
grown neat dbSeQ film we observe five absorption peaks, at
2.50, 2.85, 3.17, 3.90, and 4.89 eV. The shape of the absorption
spectrum in the thin film resembles the shape of the spectrum
in solution; however, the peaks are broadened and slightly red-
shifted.31

For the LT-grown film, we observe an absorption spectrum
that generally resembles that of the RT-grown film but with
some differences in relative peak intensity. The position of the

maximum peak remains largely unchanged, with the exception
of the peak at 3.90 eV for the RT-grown film, which exhibits a
slight red shift of 0.09 eV for the LT-grown film. The peak at
3.17 eV in the LT film has the highest intensity among
adjacent ones, while for the RT-grown film the peak at 2.50 eV
has the highest intensity. The absorption peak at 4.89 eV for
the LT-grown film has much higher intensity compared to the
RT-grown film. We attribute these differences to the
reorientation of dbSeQ from σ-phase at RT to λ-phase at
LT, as confirmed by GIWAXS.

The absorption spectrum of the bilayer dbSeQ/DIP film
demonstrates minor discrepancies in the peak position
compared to the absorption of neat DIP. The dbSeQ-related
peaks in the bilayer film are practically invisible because of
much greater absorption of thicker layer of DIP in the UV−Vis
range. It is evident that no new peak emerges, thereby
indicating the negligible influence of the DIP layer on the
absorption spectrum of the bilayer film.

The absorption spectrum of the codeposited dbSeQ/DIP
1:1 film shows features of the λ-phase of DIP in the
codeposited film. This is evident from the different relative
intensity of the low-energy peaks (2.27, 2.47, 2.67, and 2.80
eV) compared to the RT-grown DIP film.70 It confirms that
dbSeQ in the codeposited film influences the orientation of
DIP molecules with respect to the substrate, being in line with
our GIWAXS results shown above. Furthermore, presence of
dbSeQ in the codeposited film causes a reduction in the
intensity of the peaks above 3 eV, compared to neat DIP.

The UV−Vis data for heterostructures that incorporate PEN
are presented in Figure S10 in the Supporting Information. For
the bilayer dbSeQ/PEN and codeposited dbSeQ/PEN 1:1
films we observe the absorption spectra that can be described
as a superposition of both compounds. For the codeposited
film, we observe the presence of different PEN polymorphs,
which is evident from a change in relative peak intensities for
peaks in the energy range of 1.5−2.6 eV.70 We attribute this
observation to the formation of tilted Holmes phase as
confirmed by GIWAXS.

Figure 7. Optical absorption spectra in UV−Vis region for the various
thin films incorporating dbSeQ and DIP, normalized to the film
thickness. Gaps at about 1.5 eV originate from the switch of the
detector.
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■ SUMMARY AND CONCLUSION
In summary, the present study has explored the growth,
structure, and optical properties of neat dbSeQ and its blends
with DIP and PEN in different heterostructures. We studied
the growth of these systems at LT and observed the strong
dewetting of the LT-grown films during their annealing to RT.
The results are summarized in Table 1 in which the structural
parameters for the initial and later growth stages, and the
annealing stage, are presented.

It was found that dbSeQ on Si/SiOx at RT grows in the form
of rough, randomly oriented, needle-shaped, long crystallites.
The correlation distances obtained by GISAXS and AFM are in
the sub-μm range. dbSeQ crystallizes predominantly in the σ-
phase, where the molecules are standing with a tilted edge-on
configuration. The absorption spectrum in the UV−Vis range
exhibits five distinct peaks and resembles the one measured in
solution.

Conversely, the growth of dbSeQ at LT is characterized by
significantly smaller correlation lengths and lower roughness,
compared to the RT-grown film, which we attribute to the
change in the molecular orientation of dbSeQ. It was observed
that the low thermal stability of the LT-grown dbSeQ films
resulted in strong dewetting during their annealing to RT.
This, in turn, resulted in high roughness of the resulting film.
The resulting islands are generally smaller and more circular
than that observed for the RT-grown film. From the GIWAXS
results, it is evident that the crystallites are oriented in the λ-
phase in contrast to the σ-phase formed during growth at RT.
This change in the molecular orientation leads to alterations in
the absorption spectrum, resulting in a variation in the relative
intensity of the peaks, as was previously found for different
organic films grown at RT and LT.70

The growth of dbSeQ on top of a DIP film at RT results in
large, rough, needle-like islands of dbSeQ with a correlation
length exceeding the experimental resolution. Compared to a
neat dbSeQ film, the crystallites of dbSeQ grown on DIP are
more elongated. From the AFM data, we found that the
correlation length is so large because of the overlap of the
islands of dbSeQ. Additional characterization by XRR,
GIWAXS, and absorbance spectroscopy did not show signs
of a different crystalline nor electronic structure.

The growth of dbSeQ on top of the DIP film at LT has
several differences compared to the growth of neat dbSeQ. At
the beginning, the correlation length of dbSeQ is equal to that
of DIP, which means that dbSeQ grows in the gaps between
DIP islands. After the initial stage, a subsequent fast increase in
the correlation length beyond the resolution limit of the

experiment is observed. Notably, the decay of the correlation
length of dbSeQ in the bilayer is almost five times slower than
that for the neat compound. From the XRR it is evident that
the layer of dbSeQ on DIP has a low roughness that remains
stable until annealing to 273 K. Above this temperature, we
observed only DIP-related scattering features as a result of the
strong dewetting of the dbSeQ film. Interestingly, the dbSeQ
layer does not prevent DIP from the bottom layer from
reorientation to its σ-phase during annealing of the film to RT.

The growth of coevaporated dbSeQ/DIP 1:1 film at RT is
characterized by mixing of both compounds in the first
monolayer. After the first layer is closed, a phase separation
growth scenario occurs. In the codeposited film, the dbSeQ
islands are shorter and exhibit more circular shape in
comparison to those observed in the neat dbSeQ film at RT.
We found that the interisland distances for dbSeQ in the
codeposited film are smaller compared to the growth of neat
dbSeQ at RT. Interestingly, the presence of dbSeQ in the
codeposited film allows DIP to form only one closed
monolayer, instead of 3−5 monolayers, as was previously
found for neat DIP. Sterical competition of the islands of both
compounds results in shorter dbSeQ islands compared to
those of neat dbSeQ. Additionally, we observe the presence of
the λ-phase of DIP molecules in the codeposited film which
can be also attributed to the influence of dbSeQ.

For the growth of dbSeQ on PEN at RT, we observe the
same growth behavior as for the bilayer dbSeQ/DIP film,
where the correlation length of dbSeQ is large and rapidly
exceeds the experimental resolution. From the AFM data, we
observe the large overlapping islands of dbSeQ. We do not
observe the influence of the PEN layer on the optical or
structural properties of dbSeQ.

The growth of the codeposited dbSeQ/PEN 1:1 film at RT
is characterized by large interisland distances beyond the
experimental resolution for both compounds. We observe a
growth pattern that resembles the one for codeposited dbSeQ/
DIP 1:1 film. We suggest that, likewise to the codeposited film
with DIP, the codeposited film with PEN exhibits a phase-
separation growth scenario. From absorption spectroscopy and
GIWAXS, we found that for the codeposited film a tilted
Holmes bulk phase of PEN appeared.

We demonstrate the growth behavior of dbSeQ in various
heterostructures and how it can be influenced by the substrate
temperature. The general trend for the growth of neat and
bilayer films at RT is formation of long, rod-shaped islands of
dbSeQ, with interisland distances in the sub-μm range. Neat
and bilayer films deposited at LT form a smooth layer during

Table 1. Structural Parameters for Individual Films at Different Growth Stages

sample σ (nm) Dcorr (nm) Dii (nm) ⟨l⟩ (nm) ⟨w⟩ (nm) coverage (%) phase

dbSeQ RT 27a 620 → 795 746 913 197 40 σ
dbSeQ LT 0.4 20 → 63 n/a n/a n/a n/a λ
dbSeQ LT at RT 42a 182 435 336 192 26 λ
dbSeQ/DIP RT 3 >238 530 881 116 33 σ
dbSeQ/DIP LT 0.5 34 → 66 n/a n/a n/a n/a n/a
dbSeQ/DIP LT at RT 0.4c 246c n/a n/a n/a n/a n/a
dbSeQ/DIP RT 3 647 → 628b 556 549 165 36 σb

63 → 119c λ, σc

dbSeQ/PEN RT 14a 349 → 731 706 1020 219 31 σ
dbSeQ/PEN RT 17a >456d 476 661 180 32 σb

λ, σd
aValues derived from AFM analysis. bdbSeQ. cDIP. dPEN.
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growth, with correlation lengths order of magnitude smaller
than those for RT-growth. The annealing of these films to RT
leads to strong dewetting, which in turn results in strong
roughening of the films, indicating the limited thermal stability
of the LT-grown films. Simultaneous deposition of two
materials at RT leads to a clear phase separation in the
resulting films, but for the codeposited film with DIP we
suggest that a mixing occurs in the first monolayer. The islands
of dbSeQ are generally smaller in the codeposited films than
those of neat dbSeQ, because of the sterical competition of the
islands of both compounds. Additionally, it was found that the
presence of dbSeQ in codeposited films leads to the
appearance of a different phase of the second compound.
Our results provide crucial insight into the understanding of
growth mechanisms in donor−acceptor blends, which could be
used for the development of device architectures. We expect
that despite this work showing results for combinations of
dbSeQ with two mostly studied organic semiconductor
materials, the scenarios mentioned above are applicable to
other rod-shaped OSCs. The search for other binary mixtures
that can enhance the thermal stability and structural order of
films with dbSeQ is underway.
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orcid.org/0009-0000-6510-3818;

Email: anton.pylypenko@uni-tuebingen.de
Dmitry Lapkin − Institut für Angewandte Physik, Universität
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