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ABSTRACT: Hybrid materials of π-conjugated molecular semiconductors
combined with two-dimensional (2D) materials exhibit a significant
potential for novel (opto)electronics. The overall characteristics of
molecular growth, such as molecular packing, crystallographic structure,
and morphology, determine the specific application. The growth studies are
thus key for understanding and improving these systems. So far, a
simultaneous real-time study of the thin film morphology evolution along
with its crystalline phase on a 2D substrate has not been performed. Here,
we report on an additional feature of surface-sensitive grazing-incidence
wide-angle X-ray scattering (GIWAXS). We show that refraction induced
multiple scattering effects can be employed to reveal the morphology-related
growth modes of a thin organic layer on a 2D underlayer together with the
crystallographic structure and molecular orientation. A thorough description
of the dynamic scattering effects is provided, allowing a detailed study of the
Bragg peak splitting in the out-of-plane direction. We discuss the influence of the material-related parameters, such as stress and
growth type, on the mutual position of the split peaks during the growth. Furthermore, we show that the time-resolved GIWAXS
enables the observation of the electron density variation in real time. Our findings should be considered as a general feature of
GIWAXS that can be applied to various types of thin films, where the temporal evolution of morphology, molecular arrangement,
and crystallographic structure are of interest.

1. INTRODUCTION

Thin films composed of small π-conjugated molecules have
already been successfully used in various organic-based
devices.1−3 Their versatility also causes an emerging interest
in the field of pharmaceutical research4,5 and neuroscience.6

The morphology, molecular packing, and crystallographic
structure of these films are of fundamental importance for
their charge transport and optical properties.7−12 However,
various factors (stress/strain, grain boundaries, etc.) can affect
the molecular orientation and the crystalline structure
throughout the layers,13−15 influencing the overall properties
of the organic film. Knowledge of the thin film properties
during growth is thus important from the application point of
view but can be difficult to acquire experimentally. At the same
time, understanding the mechanisms underlying the growth of
these systems is very challenging also from a theoretical
perspective, in particular, in terms of their inherent anisotropy
and orientational degrees of freedom.16−18

For small organic molecules, the molecular arrangement and
morphology are often closely related, meaning that the
morphology of the thin film can indirectly reveal the molecular
orientation.19−21 The morphology can be observed directly,

using various types of scanning-probe microscopies such as
atomic force microscopy (AFM), scanning electron micros-
copy (SEM), etc. These techniques typically probe just the
surface of the layer or have only limited penetration depth.
Consequently, to track the film properties with increasing the
film thickness, many ex-situ scans at different thicknesses are
required. This approach might not always be possible, e.g., in
the case of strongly oxidizing surfaces or other types of
postgrowth changes, and real-time in situ techniques are more
suitable. Real-time experiments are of high relevance since they
allow observation of the transient, nonequilibrium phenomena
during the growth. Among many different real-time techniques
focused on the morphology determination, such as low-energy
electron microscopy (LEEM) or Auger spectroscopy,22,23 X-
ray diffraction methods are well established. One of the
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advantages of diffraction techniques is their nonlocal character
of the probe, where the examined area can be on the order of
several square millimeters, ensuring statistically relevant results.
They also allow structural studies spanning many length scales,
from the atomic scale up to several hundreds of nanometers.24

The morphology and the growth modes in soft-matter systems
were studied by specular X-ray reflectivity (XRR) and grazing-
incidence X-ray techniques, mainly grazing-incidence small-
angle X-ray scattering (GISAXS).24−27

In this paper, we show that the multiple scattering effects in
grazing-incidence wide-angle X-ray scattering (GIWAXS) can
be exploited for in situ and real-time studies of basic growth
modes, in addition to the molecular packing and crystallo-
graphic structure in thin films. The multiple scattering inside
the studied layer leads to a splitting of the diffraction peaks in
grazing-incidence geometries. This effect is mainly observed in
GISAXS, where the scattered wave amplitude consists of four
terms.28 In GISAXS, the multiple-scattering effects (requiring
dynamical theory) can be employed to determine the symmetry
of the nanoparticles on flat surfaces.29,30 On the other hand,
the dynamic scattering approach inherent for refractive
media31 is not widely used in GIWAXS, although the refractive
index of the layer can strongly influence the position of the
diffraction peaks. Unlike GISAXS, only two scattering channels
are realized at large exit angles in GIWAXS geometry, as
indicated in Figure 1 (peaks L and U). The first channel
originates from the scattering of the primary X-ray beam in the
thin film, while the second one is driven by the scattering of
the totally reflected X-ray beam at the thin film/substrate
interface.32,33 This refraction-induced feature in the diffraction
pattern was theoretically well described within the dynamical
theory of X-ray diffraction; however, it has remained largely
unused for practical purposes up to now.
Here, we report on the Bragg-peak splitting in a diffraction

pattern measured in the thin layer of diindenoperylene (DIP)
molecules by GIWAXS. The peak splitting is observed for the
incident X-ray angles between the critical angles of DIP film
and the underlying MoS2 substrate. Furthermore, we
thoroughly investigate the time-evolution of both scattering
channels of a selected Bragg diffraction during DIP growth.
From the analysis of their time-evolution, we are able to
determine the respective growth modes of the organic layer for
two distinct MoS2 substrates. We believe that this paper
extends the applicability of GIWAXS, and the presented results
will find use in real-time morphology determination for a large
variety of materials.

2. EXPERIMENTAL SECTION
The MoS2 monolayer was grown on c-plane Al2O3 substrates, using
magnetron sputtering of Mo target in vaporized sulfur ambient. The
MoS2 growth was performed at a substrate temperature of 700 °C,
with a sulfur partial pressure of 4.0 × 10−7 mbar, and a processing gas
(Ar) pressure of 6.0 × 10−4 mbar. The sputtering power was kept very
low at 6 W, which enabled extremely slow growth to create a MoS2
monolayer. The thickness of the MoS2 layer was controlled by the
growth time, and the quality of the MoS2 film was confirmed by
Raman spectroscopy, measuring the distance between the E2g and A1g
peaks.34,35 The 9 nm thick MoS2 substrate having its c crystallographic
axis parallel to the substrate was prepared by a one-zone CVD
sulfurization of a 3 nm thick Mo layer on c-plane Al2O3 substrates.

36

The sulfurization took place in an inert N2 atmosphere, with a sulfur
temperature of 800 °C. DIP powder was purchased from the Institute
of Physics, University of Stuttgart (Stuttgart, Germany). The DIP
films were prepared by organic molecular beam deposition

(OMBD)16,17 in a vacuum chamber (p ≈ 2 × 10−8 mbar). The
DIP powder was heated up to 250 °C (evaporation rate ∼1.0 Å/min)
and deposited onto the MoS2 substrates. The substrates were kept at a
constant temperature of 50 °C during the whole deposition. We note
that prior to the actual deposition, the substrates were annealed at 320
°C to desorb any surface contaminants. The ef fective thickness was
monitored during the DIP growth by a quartz crystal microbalance
(QCM). The ef fective thickness measured by QCM was calibrated
from the ex-situ thickness calibration of DIP films on Si wafer by the
spectroscopic ellipsometry (J. A. Woolam, M-2000V) prior to the DIP
deposition on MoS2 layers. The ef fective thickness indicates the
thickness of the DIP film grown on an amorphous surface (e.g., silicon
with native oxide) with a standing-up molecular orientation. More
details on the preparation procedure are provided in ref 34. The
GIWAXS measurements were performed at the ESRF/ID10 beamline
(Grenoble, France) and also using a laboratory source (Excillum,
MetalJet X-ray Source). In all experiments, the energy of the X-ray
beam was 9.25 keV (λ = 1.34 Å), and the angle of incidence was
predominantly set to αi = 0.2°. At the synchrotron, the total flux of the
X-ray beam was attenuated to 1010 photons/s, which was found to be
below the damage threshold of the molecular film for a beam size of
∼17 × 200 μm2. Under laboratory conditions, the beam flux was
lower by 2 orders of magnitude with the beam size of ∼1 mm2. In
order to measure in situ GIWAXS, the DIP growth took place in a
custom-built OMBD chamber equipped with a 360° cylindrical
beryllium window, enabling the detection of wide-angle diffraction.37

Figure 1. (a) GIWAXS pattern of the 12 nm thick DIP layer grown
on MoS2 monolayer (intensity increasing from blue to red). The
Bragg diffractions from (001), (110), (111), (110), (111), and (111)
crystallographic planes are denoted in red circles. The peaks U and L
represent the upper and lower part of the split 001 diffraction peak,
respectively (see main text for details). (b) Schematic representation
of the two key scattering pathways. αi is the angle of incidence and α′
is the angle of refraction for X-rays. αc

DIP and αc
MoS2 are the critical

angles of DIP layer and MoS2 layer, respectively. The red arrows
indicate the diffracted beams in the DIP layer.
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The GIWAXS patterns were collected by a hybrid-pixel detector
(Dectris, Pilatus 300 K) with 320 μm thick Si sensor. The AFM
measurements (Bruker, DimensionEdge) were performed utilizing
silicon probes (Bruker, TESPA-V2) in tapping mode.

3. RESULTS AND DISCUSSION

Figure 1a shows the reciprocal space map of DIP layer grown
on the MoS2 monolayer measured in the GIWAXS geometry
(see Figure S1 in the Supporting Information). The Bragg
peaks originating from distinct crystallographic planes are
visible regardless the sample azimuth, which is a consequence
of the fiber texture of DIP crystallites.34 An evident splitting of
all Bragg peaks can be observed for the incident angle αi = 0.2°.
Apart from the Bragg peaks, a weak horizontal line of enhanced
diffuse scattering is visible at q⊥ ≈ 0.028 Å−1, known as the
Yoneda peak,38 with the most pronounced intensity for the
001 and 111 diffractions. The angular position of the Yoneda
peak coincides well with the critical angle of the DIP film (αc

DIP

≈ 0.15° for λ = 1.34 Å).39,40 No diffraction peak originating
from the MoS2 monolayer is visible in Figure 1a. In the
detected reciprocal area, only the 002 diffraction would be
observable (q ≈ 1 Å−1). However, in the case of a monolayer,
there is only one diffraction diffracting plane with its c-axis
perpendicular to the substrate’s plane, and thus no diffraction
can be seen.
The peak splitting in Figure 1a can be explained by taking

into account dynamical scattering effects inherent to grazing-
incidence X-ray diffraction31,32,41 as schematically shown in
Figure 1b. The lower (L) peak of the peak doublet originates
directly from the Bragg scattering of the primary X-ray beam
refracted in the DIP layer. The refracted beam is further totally
reflected at the DIP/MoS2 interface, as the incident angle of
the refracted beam α′ is smaller than the critical angle of the
total reflection αc

MoS2 (we expect that the critical angle given by
the complex refractive index is similar for the MoS2 monolayer
and bulk). The subsequent Bragg scattering of the totally
reflected beam in the DIP layer gives rise to the upper (U)
diffraction peak. The splitting of the peaks is given solely by
the refractive index change and acts on the vertical component
q⊥ (direction normal to sample surface) of the scattering
vector exclusively, so the in-plane component of the scattering
vector q∥ is the same for the upper and lower peak. The most
pronounced effect of the refraction is thus the shift of the peaks
toward higher q⊥ (see eq 1). The reciprocal space positions of
the lower diffraction peaks were utilized directly to determine
the crystallographic structure of the thin organic layers,34,42−44

often omitting the refraction correction.33 On the other hand,
the evaluation of the upper diffractions is more complicated as
their position in the q⊥ direction is strongly influenced by the
incident angle of the primary X-ray beam; see Figure 2.
Figure 2 shows the positions of the lower (L) and upper (U)

001 diffraction peaks depending on the incident angle of the X-
ray beam (αi). The precise positions of L and U in the q⊥
direction were obtained by fitting the peaks with a Gaussian
function. Clearly, the αi-dependence of both peaks is different.
Peak L is almost independent of αi, whereas the position of
peak U increases with the increasing αi. We were able to track
the position of the upper peak only for αi ≤ 0.4°, as its
intensity decreases rapidly for αi > αc according to Fresnel’s
law;31,45 see inset in Figure 2. This confirms the fact that the
upper diffraction peak involves reflection on the MoS2
substrate, for which the diffracted intensity decreases strongly
with increasing the incident angle. In order to analyze the αi-

dependence of peaks L and U in more detail, we write the
perpendicular components (q⊥) of their positions in reciprocal
space as follows:

= + Δq q qL 0L L (1a)

= + Δq q qU L U0 (1b)

where q0L is the position of the Bragg peak when refraction can
be neglected (nDIP = 1). The offsets ΔqL and ΔqU from the
unperturbed q0L include the refraction effect and refraction/
reflection effects, respectively. Employing Bragg’s equation and
Taylor expansion for small angles, we obtain (see Supporting
Information for derivation):

π
λ

α αΔ = − ′q
2

( )iL (2a)

π
λ

α αΔ = + ′q
2

( )iU (2b)

where λ is the wavelength of the primary X-ray beam and α′ is
the incident angle after the refraction as defined in Figure 1b.
Equation 2 shows that in the case of no refraction (αi = α′),
the lower diffraction is independent of αi, and the upper
diffraction is proportional to αi with a proportionality constant
of 4π/λ. The measured angular dependence of the 001
diffraction peak positions on the incident angle shown in
Figure 2 is validated by eq 2. The fitted slope for the upper
diffraction matches the used X-ray wavelength. A slight
decrease in the L peak position for larger αi is a consequence
of the refractive index of the DIP layer (nDIP) being smaller
than 1 (for more details, see ref 33).
In the following section, we will study the movement of the

two 001 diffraction peaks in reciprocal space during organic
film growth (with αi being set to 0.2°). We will demonstrate
that their evolution can vary significantly, depending on the
growth type and/or film morphology. Figure 3a shows the
reciprocal space positions of L and U peaks for increasing DIP
thickness. The points in Figure 3a were obtained by fitting
both diffraction peaks separately in the q∥ and q⊥ directions. As
mentioned earlier, the q∥ component of the L and U peaks is
the same for arbitrary DIP thickness, and its absolute value is
given by the length of the unit cell (UC) parameter c. In the

Figure 2. Reciprocal space positions (out-of-plane component) of the
lower (black) and upper (red) 001 diffraction peaks as a function of
the incident beam angle αi. The red dashed line is a fit with a slope
proportional to the used X-ray wavelength. The inset shows the
intensity dependence of the upper 001 diffraction peak on αi in
logarithmic scale.
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case of the MoS2 monolayer as a substrate, the DIP molecules
are oriented almost in the lying-down fashion with the c-axis
aligned along the long molecular axis.34 Such a lying-down
orientation gives rise to a nonzero q∥ component of 001
diffraction peak, in contrast to the standing-up orientation on
weakly interacting substrates.21,26,39 The temporal change in
the q∥ position visible in Figure 3a suggests the microscopic
stress that will be discussed later. Since the peak splitting is
independent of q∥, Figure 3b shows the q⊥ position of L and U
peaks as a function of the ef fective DIP thickness.19 In Figure
3b, the peaks could not be reliably fitted for the layer
thicknesses below ∼2.5 nm due to a low diffracted intensity at
the beginning of the growth. Nevertheless, the distinct
evolution of the q⊥ position for both diffraction peaks is
obvious. The lower peak position is shifting toward larger q⊥,
whereas the upper peak position is decreasing with increasing
the DIP thickness.
To explain such behavior, we have to consider all factors that

determine the diffraction position (and might change during
the growth). The first important factor is the ref ractive index of
the organic layer, nDIP, which gives rise to the spatial separation
of the peaks. The spacing between the L and U diffraction

peaks ΔqDIP = ΔqU − ΔqL is given by (see Supporting
Information for derivation):

π
λ

αΔ = ′q
4

sinDIP (3)

where α′ is determined by nDIP through Snell’s law:

α α′ =
n

cos
1

cos i
DIP (4)

For X-rays, the real part of the refractive index slightly deviates
from unity (nDIP = 1 − δ), where the deviation δ = αc

2/2 is
directly related to the scattering properties of the organic film,
i.e., the electron density ρe. For small organic molecules, δ is
typically on the order of 10−6.33,46 Using Snell’s law, eq 3 can
be rewritten in the following form (see Supporting Information
for derivation):

π
λ

α δ
α

Δ = −
i
k
jjjjj

y
{
zzzzzq

4
sin 1

sini
i

DIP 2
(5)

Note that this equation is valid for αi ≠ 0, which is following
the fact that the incoming X-ray beam will be reflected from
the organic layer for αi < αc

DIP. Equation 5 confirms that the
spatial separation of the two peaks is controlled by the
refraction (nDIP is given by δ). Moreover, it validates a constant
spacing between the two peaks during the growth of a uniform
organic layer (with a well-defined refraction index). However,
for small organic molecules on 2D substrates, it was observed
that instead of a closed uniform layer, in many cases, they tend
to form separate islands on the surface of the substrate.34,47−49

These islands, typical for the Volmer−Weber growth mode,
create an inhomogeneous coverage of the substrate that cannot
be described by a constant refractive index. More rigorously
speaking, the molecular islands with unequal volumes should
be described by a spatially varying effective permittivity, i.e.,
index of refraction. However, such a complicated environment
can be simplified by introducing a gradient effective medium
approach (originating from the Maxwell Garett formula; see ref
50 for more details). In this model, the randomly distributed
DIP islands are substituted by several closed DIP layers with
spatially varying effective refractive index, neff

DIP, in the direction
normal to the substrate. In such case, neff

DIP can be defined as a
linear function that decreases with increasing DIP thickness
(neff

DIP = 1 − βt, where β is a material-related constant, and t
represents DIP thickness or time). Such a description is valid
until the DIP islands do not occupy the whole area of the
substrate, forming a so-called closed layer with constant nDIP.
Using neff

DIP in eq 5, we obtain that ΔqDIP decreases linearly with
time (i.e., DIP thickness), meaning that the two diffractions, L
and U, are moving toward each other symmetrically.
By careful examination of Figure 3b, one can notice that the

experimental points do not approach symmetrically. The
gradual increase of the lower diffraction is attenuated, whereas
the upper diffraction decreases more rapidly. At this stage, we
have to take into account the second important factor that
influences the position of the diffraction peaksthe micro-
scopic stress. The stress in the DIP layer can occur as a
consequence of different surface energies of the underlying
substrate and the organic layer itself. The main effect of the
stress in the organic film is the change of the UC parameters
(c-parameter in the case of 001 diffraction in our data), which
will lead to a shift of the diffraction positions in the q-space.
We note that in the case of the c-parameter change, the

Figure 3. (a) Evolution of the 001 diffraction peaks L (open circles)
and U (full squares) in reciprocal space during DIP growth. The
arrows indicate the timeline of the growth, which corresponds to the
increasing DIP thickness (color-coded from blue to red). (b) The
equivalent evolution of the perpendicular component (q⊥) of the
peaks U and L as a function of DIP thickness.
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diffraction spot would move along the line intersecting the
origin of the reciprocal space defined by the primary X-ray
beam. Most importantly, stress has the same influence on both
studied diffractions. It means that regardless of the stress type,
i.e., the unit cell evolution, the positions of the L and U
diffractions will move simultaneously in the reciprocal space
with increasing DIP thickness. Equation 3 confirms this
statement directly, as α′ is independent of θ. We would like to
remark that both the crystallite size and strain contribute to the
broadening of the observed diffraction peaks. However, a
significant convolution of the illuminated sample surface with
the diffracted peak width together with a small number of
observed diffractions disables a quantitative determination of
the crystallite size and strain. Moreover, the peak broadening
was found to be the same for the L and U diffractions and is
not involved in any of our calculations, which are based purely
on the peak positions.
Combining the consequences of the growing layer

morphology and UC changes on the L and U peak positions
due to changes in the ref ractive index and stress, respectively,
we can obtain the observed asymmetric evolution of the peak
positions with increasing DIP thickness. Furthermore, the
stress typetensile or compressivecan be determined from a
closer examination of the L and U peak evolution in Figure 3b.
The tensile strain causes an extension of the UC parameters
(see Figures S3, S4, and S5 in the Supporting Information),
leading to a decrease of the q⊥ positions for L and U
simultaneously. On the other hand, the compressive stress
would increase the L and U positions because of the
contraction of the UC parameters. Now, when combining
these two scenarios with the opposing evolution of the L and U
positions caused by the refractive index change, we can obtain
a faster decrease of U and a slower increase of L for the tensile
stress. This is in accordance with our recent findings of the
strained DIP unit cell on few-layer MoS2 substrates

19 up to a
layer thickness of about 15 nm. Here, we would like to point
out the usefulness of choosing the 001 diffraction. Apart from
the fact that this diffraction has the highest intensity, which
allows tracking its evolution from the very thin DIP thickness,
it encodes only the c-parameter of the UC (dominating in the
q∥ direction for the lying-down molecular orientation). The
001 diffraction thus enables a straightforward interpretation of
the c-parameter evolution during the DIP growth. Such an
analysis would be more complicated for the diffraction peaks
encoding more parameters of the UC.
Figure 4a shows the evolution of the L and U diffractions for

the DIP layer up to a thickness of 62 nm. We note that the data
in Figure 4a show larger error bars as they were measured in
the laboratory (with less intense and broader beam, see
Experimental Section), compared with the data shown in
Figure 3, measured using the synchrotron radiation. The
convergence of the L and U positions is symmetric (within the
experimental error) along their average value q⊥ ≈ 0.096 Å−1

for the thicknesses ≥20 nm. The 20 nm is thus a critical DIP
thickness where the stress saturates, and furthermore, the shift
of the peaks is caused exclusively by the refractive index
change. The laboratory conditions do not allow observation of
the asymmetric diffraction evolution for the thicknesses below
20 nm because the intensity of the diffractions was too low.
The critical thickness of ≈20 nm is, however, in good
agreement with our previous observation of the stress
saturation19 obtained by a different experimental approach.
The observed continuous change of the refractive index

suggests that the DIP layer has not been closed even for a
thickness of 62 nm. The AFM images shown in Figure 4b−d
confirm the 3D island growth (Volmer−Weber growth mode)
for the ef fective DIP thicknesses of 6, 13, and 62 nm,
respectively.
In the following, we will test our findings on the substrate

that allows a closed layer formation with a constant nDIP.
Figure 5 shows the evolution of the lower and upper 001 peaks

of the DIP layer grown on 9 nm thick MoS2 underlayer (see
Figure S6 in the Supporting Information). It was observed that
the thicker MoS2 layers (MoS2 thickness ∼9 nm) with the c
crystallographic axis aligned in the substrate plane support the
growth of the standing-up phase of DIP layers.19 For the
standing-up molecules, a layer-plus-island growth mode
(Stranski-Krastanov growth mode)16,51 is typical (see Figure
S7 in the Supporting Information), in contrast to the 3D island

Figure 4. (a) Evolution of the L and U diffraction peaks along the q⊥
direction for DIP growth on the MoS2 monolayer. AFM images of the
DIP crystals for layers 6, 13, and 62 nm thick in (b), (c), and (d),
respectively. The length of the scale bar is 2 μm.

Figure 5. Evolution of the lower and upper split of the 001 diffraction
for the standing-up molecules on a 9 nm thick MoS2 underlayer.
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growth for the lying-down molecules mentioned earlier in the
text. Consequently, the formation of a closed layer occurs soon
after a few DIP layers are grown.
The evolution of the lower and upper diffractions shown in

Figure 5 suggests a constant nDIP at least for the DIP
thicknesses larger than 32 nm. The evolution of nDIP for
thicknesses smaller than 32 nm was impossible to track due to
a low intensity in the upper diffraction. We can also conclude
that the stress in the layer is fully saturated for thicknesses
larger than 32 nm, as both diffractions evolve constantly with
DIP thickness. Furthermore, Figure 5 provides directly a ΔqDIP
value from which δ can be calculated using eq 5. The obtained
value of δ ≈ 3.9 × 10−6 gives us the critical angle of the DIP
layer αc ≈ 0.16°, which is in a good agreement with αc = 0.15°
measured by specular X-ray reflectivity.39,40

Here, we have shown that real-time GIWAXS gives access to
the growth type and refractive index of a thin organic layer. In
particular, the growth type can be associated with the spacing
between L and U diffraction peaks during the growth. In
principle, GIWAXS also enables determination of the electron
density ρe (as δ is directly proportional to ρe) and its evolution
during molecular growth. The electron density of a thin film is
typically determined by X-ray reflectivity (XRR). XRR is
sensitive to the electron density change in the direction
perpendicular to the substrate plane but can only be applied in
the case of low surface roughness comparable to the X-ray
wavelength. The limitation imposed by the surface roughness
excludes XRR studies in the case of the 3D island growth,
where the size of the islands is on the order of tens of
nanometers. GIWAXS can partially overcome this limitation,
as it probes the electron density changes in all directions and
does not inherently require a well-defined layer interface in
contrast to XRR. This renders GIWAXS a multipurpose
technique for the real-time studies of the thin (organic) layers,
such as those exhibiting fiber-like (uniaxial) texture. It has a
limited application for the nontextured layers displaying Bragg
rings, as well for monocrystalline epitaxial layers. In summary,
we have shown that the character of the split diffraction peak
evolution during the organic film growth reveals the
morphology of the layer indirectly. The constant spacing
between the split diffractions during the growth suggests the
Stranski−Krastanov growth mode, whereas the decreasing
peak separation points to the Vonlner−Weber growth mode.

4. CONCLUSIONS
In the present work, we have studied the splitting of Bragg
diffraction peaks from a growing thin diindenoperylene (DIP)
film deposited on a MoS2 substrate by grazing-incidence wide-
angle X-ray scattering (GIWAXS). The observed peak splitting
was explained as two separate scattering channels of the
incident X-ray beam being formed in the thin organic layer.
One of the channels originates from the Bragg scattering of the
primary beam within the layer, and the other one arises as a
consequence of the substrate-induced total beam reflection
followed by a subsequent scattering on the same set of Bragg
planes. Furthermore, we have studied the evolution of the split
001 diffraction in reciprocal space with increasing DIP
thickness. We provide a simple mathematical description for
their temporal evolution (i.e., evolution with increasing DIP
thickness) in terms of the dynamical scattering theory. From
the mutual evolution of the two scattering channels, we were
able to determine the type of growth of the organic layer. For
the MoS2 monolayer substrate, the two diffraction spots move

toward each other in the q⊥ direction with increasing DIP
thickness. This indicates an unclosed, 3D island growth of DIP
molecules up to the thickness of 62 nm. The measured
diffraction pattern of the DIP film also validated a lying-down
orientation of the molecules. On the other hand, for the thicker
MoS2 layer, we observed a symmetric evolution of the
diffraction peaks, suggesting the formation of a closed layer
during the growth of standing-up molecules. Moreover, we
determined the refractive index of the DIP layer from the
GIWAXS reciprocal maps.
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Tübingen, 72076 Tübingen, Germany
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