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We report on the real-time structure formation and growth of two thiophene-based organic semiconductors,
5,5'-bis(naphth-2-yl)-2,2'-bi- and 5,5”-bis(naphth-2-yl)-2,2":5",2"-terthiophene (NaT2 and NaT3), studied in
situ during vacuum deposition by grazing-incidence x-ray diffraction and supported by atomic force microscopy
and photoabsorption spectroscopy measurements on corresponding ex situ samples. On device-relevant silicon
dioxide substrates, for both molecules the growth is observed to transition from two-dimensional (2D) layer-
by-layer growth to three-dimensional (3D) growth after the formation of a few-molecule-thick wetting layer.
The crystal structure of the NaT2 film is considerably more ordered than the NaT3 counterpart, and there is
a significant collective change in the unit cell during the initial stage of growth, indicating strain relief from
substrate induced strain as the growth transitions from two to three dimensions. In addition, the orientation
of the film molecules are controlled by employing substrates of horizontally and vertically oriented few-layer
molybdenum disulfide. Both molecules form needle-like crystals on horizontally oriented MoS, layers, while
the NaT3 molecules form tall, isolated islands on vertically oriented MoS, layers. The molecules are standing
on silicon dioxide and on vertically oriented MoS,, but lying flat on horizontally oriented MoS,. These results
demonstrate the importance of film-substrate interactions on the thin-film growth and microstructure formation

in naphthyl-terminated oligothiophenes.

DOLI: 10.1103/PhysRevMaterials.5.053402

I. INTRODUCTION

Organic semiconductors (OSCs) offer many possibilities
as materials in organic electronics, owing to their low-
cost, large area processing techniques, and, in particular,
the ability to tailor electronic and charge transport proper-
ties using synthetic procedures. Applications include organic
field effect transistors (OFETSs) [1,2], organic photovoltaics
(OPVs) [3], organic light-emitting diodes (OLEDs) [4,5],
and OFET-based sensors [6,7]. The electronic and opti-
cal properties of the OSCs are directly influenced by the
microstructure within the organic thin films [8-10], and
solving the full complexity of the structure-function rela-
tionship remains an important goal in understanding OSC
behavior, their processing, and device physics. The device-
relevant thin-film morphology and microstructure differ from
bulk and factors such as molecular and macroscopic ori-
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entation [11,12], polymorphism including surface-induced
phases (SIPs) [13-16], nonequilibrium growth conditions,
and interfacial interactions all play important roles. Several
methods can be used to investigate the structural proper-
ties of OSC films, including x-ray scattering and near edge
x-ray absorption fine-structure techniques [17-19], in situ
variations thereof [20-23], fluorescence spectroscopy and
microscopy [24], Raman spectroscopy [25], optical spec-
troscopy [26], and electron microscopy [27-29], to name a
few.

Dinaphthyl terminated oligothiophenes are OSCs be-
longing to the extensively studied group of oligothio-
phenes [17,19,30] and have been shown to display good ox-
idative and thermal stability, surpassing their alkyl-terminated
counterparts. Figure 1 shows the chemical structure of
NaTn [31] withn = 2, 3 representing the number of thiophene
rings. The two molecules represent two distinct anisotropic
cases, with the shorter thiophene dimer having inversion sym-
metry with respect to its geometric center, while the thiophene
trimer has mirror symmetry about the centerline through the
middle thiophene ring. Both compounds were found to form

©2021 American Physical Society
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FIG. 1. Chemical structures of 5,5-bis(naphth-2-yl)-2,2'-

bithiophene (NaT2) and 5,5”-bis(naphth-2-yl)-2,2":5',2"-terthio-
phene (NaT3).

monoclinic crystals in bulk with the molecules packed in the
well-known herringbone pattern [31], with NaT3 adopting a
three-layer repeat along the long axis, where the molecules in
the middle layer are tilted slightly different than the molecules
in the other two layers. We recently expanded pioneering
single crystal studies of Tian er al. [31] to the film struc-
ture and structure formation on various substrates. Molecular
mechanics modeling on the two systems in thin-film configu-
ration revealed that NaT3 form films with significantly greater
structural disorder than NaT2 [32], making the two molecules
prime candidates for further growth studies. In an earlier arti-
cle, we reported on the early stage growth of NaT2 on SiO,
and on chemical vapor deposition (CVD)-grown graphene
transferred onto a Si/SiO, substrate [33]. We found that the
molecular orientation and growth behavior were different in
the two cases, but the employed experimental approach did
not allow for probing of the critical first few monolayers
(MLs). These first few layers are essential from optical and, if
the device electrodes are located in the plane, charge-transport
point of view. The goal of the present study is to shed light on
the fundamental questions of the growth within these first few
layers.

In this paper we investigate the early stages of growth in
NaT2 and NaT3 films and demonstrate how this growth can
be controlled by changing the underlying substrate. Films
of NaT2 and NaT3 were prepared by vacuum deposition
onto silicon dioxide and onto oriented few-layer molybde-
num disulfide (MoS,) substrates. The films were studied by
real-time in situ grazing incidence x-ray diffraction (GIXRD)
experiments during the deposition and complemented by ex
situ AFM and UV /Vis absorption experiments. Performing
the experiments in real-time and in vacuum conditions ensures
no degradation of the films due to ambient exposure and
allows us to capture transient structures. Moreover, results
from many different film thicknesses can be directly compared
since they are obtained under absolutely identical conditions
and on the same substrate for a given deposition, which is
obviously much more difficult for a series of individual films,
considering that the exact conditions will inevitably vary.
By exploiting the interactions between m-conjugated OSCs
and distinct substrates, we are able to preferentially align
the molecular backbone of our molecules with respect to the
surface and identify distinct growth modes. This work builds
upon previous characterization studies of NaTn films [32-36]
and provides insight into the growth of small-molecule OSC
thin films.

II. EXPERIMENT

A. Materials and substrates

The NaT2 and NaT3 molecules (see the chemical struc-
tures in Fig. 1) used in this study were synthesized following
the Suzuki cross-coupling approach reported in Ref. [37]. The
MoS; layers were prepared by rapid sulfurization of Mo films
on Al,Oj3 substrates, as described in Ref. [38]. This technique
produces crystalline MoS, layers of high quality. Depending
on the thickness of the initial Mo film [39], the resulting
MoS; layers are aligned either parallel to the substrate plane
(hereafter referred to as ||-MoS,), or perpendicular to the sub-
strate plane (hereafter referred to as L-MoS;). The resulting
film thicknesses of the ||-MoS; and 1-MoS, are 3 and 9 nm,
respectively. Commercial Si substrates, with a 1.5-nm-thick
native oxide layer, were purchased from Silicon Materials
(Germany) and BK7 glass substrates were purchased from
UniversityWafer (USA).

B. Grazing incidence x-ray scattering

In situ GIXRD measurements were performed at the
PETRA III micro and nanofocus x-ray scattering (P03) beam-
line [40], and at the SOLEIL Surface(s) and Interface(s) x-ray
Scattering (SIXS) beamline. NaTn films were deposited by
vacuum sublimation in a custom-built vacuum chamber (base
pressure of 4 x 10~% mbar) equipped with a cylindrical beryl-
lium window, allowing the incoming and outgoing x-rays to
penetrate similar to Ref. [41]. The molecules were evaporated
onto the substrate from a Knudsen evaporation cell, and the
film thickness was monitored by a quartz crystal microbalance
(QCM) inside the deposition chamber. Prior to deposition, the
substrates were annealed at 573 K to desorb any impurities
and residual contamination. NaTn was deposited onto the
substrate (temperature 323 K) at typical evaporation temper-
atures of 468 K (NaT2) and 508 K (NaT3), corresponding
to rates of 0.03 A/s as monitored by the QCM. 2D GIXRD
images were recorded every 20 s with an attenuated beam to
prevent x-ray-induced damage of the films. The lack of beam
damage was verified by comparing images of films exposed to
prolonged illumination with unexposed films. The x-ray beam
energy was 11.6 keV at PETRA III and 12 keV at SOLEIL.
The incidence angle was kept between the critical angle of the
films and the critical angle of the substrate, typically 0.17°.
Scattering images were collected using a Pilatus 300 K detec-
tor (PETRA 1III) and a Si-XPAD3 detector (SOLEIL), with a
sample-to-detector distance (SDD) of 149 mm and 218 mm,
respectively.

Ex situ GIXRD measurements were performed at the PE-
TRA III PO3 beamline with an x-ray energy of 12.98 keV and
an incidence angle of 0.17°. Images were collected using a
LAMBDA detector at a SDD of 159 mm. Data reduction was
performed in DAWN [42], with additional analysis performed
using self-programmed MATLAB scripts. The x-ray data were
normalized to the incoming beam intensity and corrected for
standard geometrical contributions. The peak positions were
determined by fitting linecuts of the reciprocal space map
(RSM) by Gaussian or Lorentzian functions depending on
the peak shape. The integrated peak intensity was determined
as the area under the peak minus the local background. The
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in-plane and out-of-plane unit cell parameters were deter-
mined separately by weighted least-squares minimization of
the difference between experimental and calculated g, and
q. positions of selected Bragg peaks. For the full set of equa-
tions, please see the work of Merlo er al. [43]. The reported
single crystal structure was used as a starting point for the
minimization [31]. In the employed experimental geometry,
we are essentially resolution-limited due to the width of the
beam footprint on the sample [44]. We will therefore refrain
from doing Scherrer-type grain-size analysis on the data.

C. Atomic force microscopy and UV/Vis absorption
spectroscopy

Thin films for ex situ characterization were prepared in the
same manner as the in situ samples described above with con-
stant evaporation rates of 0.03 A/s. The evaporation source
shutter was closed once the desired thickness was reached, as
determined by QCM readings. Samples on different substrate
types were prepared simultaneously, resulting in identical
nominal film thicknesses. AFM images were collected in
ambient conditions immediately upon removing the samples
from vacuum using a Veeco Dimension 3100 operated in
tapping mode. Image software GWYDDION was used to flatten
and analyze the images [45]. UV/Vis absorption spectra were
measured using a Shimadzu UV-2700 spectrometer with an
integrating sphere add-on. The absorption curves of the clean
substrates were measured separately prior to the thin film
deposition and later subtracted from the thin film absorption
spectra.

III. RESULTS AND DISCUSSION
A. Grazing incidence diffraction

GIXRD studies of the final films were performed to charac-
terize the crystalline structure. The films were deposited onto
Si substrates with a native oxide layer, and onto few-layer
MoS, surfaces, with the layers oriented either horizontally
(]I) or vertically (L) on the underlying Al,O; substrates. We
expect the orientation of the MoS, layers to influence the
molecular orientation of the NaTn films, as has been previ-
ously shown for diindenoperylene (DIP) molecules [38]. On
[I-MoS,, we expect strong interaction between the molecules
and the surface through w—m and CH-7 interactions. On the
other hand, 1 -MoS, layers exhibit a large amount of dangling
bonds that are readily oxidized [46]. As a result, the oxidized
surface of the 1 -MoS, is expected to interact weakly with the
film molecules.

Figure 2 shows the reciprocal space maps (RSMs) of the
final films (thickness varying from 15 to 30 nm). The data in
Fig. 2(a) show that the shorter NaT2 molecule form highly or-
dered crystals on silicon dioxide, as indicated by the apparent
sharpness of the Bragg reflections. Identical scattering pat-
terns were observed irrespective of the sample rotation around
the surface normal, indicating isotropic orientation of the
mosaic crystallites in the surface plane, also known as fiber-
texture. All the Bragg reflections were successfully indexed
with a monoclinic unit cell, and by minimizing the difference
between experimental and calculated peak positions of the
14 most intense Bragg peaks, the lattice parameters were

determined to be ¢ =202+02 A, b=60+02 A, c =
8.34+0.1 10%, and B = 97.2 £0.2°. The NaT2 molecules are
oriented edge-on, which is confirmed by the 100 diffraction
peak located perpendicular to the substrate at g, = 0.3 A~
Reflections along g,, = 0 A~" are inaccessible in GIXRD due
to the curvature of the Ewald sphere [47], yet their tails are
still observed due to broadening of the orientation distribution
of the crystallites.

By contrast, the RSM of the NaT3 film [Fig. 2(b)] is
distinctly different with broad reflections at g,, = 1.33 Al
and g,, = 1.55 A~1. A full refinement of the lattice parame-
ters is not possible from these data. However, we previously
showed that NaT3 films likewise form monoclinic crystals on
silicon dioxide [48], with similar in-plane lattice parameters
to NaT2 and a longer a-axis to accommodate the longer NaT3
molecule. The broadening of the reflections along g, indicates
a significant disorder in the out-of-plane structure, which we
previously speculated was due to a SIP with a large number
of flipped molecules [32]. Several orders of the 400 reflec-
tions along g, = 0 A~! confirm the edge-on orientation of the
molecules.

The RSM of the NaT3 film deposited on few-layer ||-MoS,
[Fig. 2(c)] shows that the molecules are oriented face-on,
which is expected considering the strong substrate-molecule
interactions at the interface. This is exemplified by the 100
reflection pointing close to parallel to the g., direction. Con-
sidering the 102 reflection pointing along g,, we are able to
successfully identify all four visible reflections with a mon-
oclinic unit cell. In this configuration, the (102) planes lie
parallel to the substrate surface, as indicated on the packing
motif in Fig. 2(c). The film crystals exhibit a considerable
degree of order, as indicated by the relative sharpness of the
111 reflection. Atg. = 1 A~!, an intense reflection originating
from the (002) planes of MoS, is visible, verifying the hori-
zontal orientation of the MoS, layers relative to the Al,O3
substrate. NaT2 molecules deposited on few-layer ||-MoS,
likewise adopt face-on orientation (see Fig. S1 in [49]).

The RSM of the NaT3 film prepared on few-layer L-MoS;
[Fig. 2(d)] also show %100 reflections consistent with edge-
on oriented molecules, but unlike the NaT3 film on silicon
dioxide, the reflections along the in-plane direction appear
as rods emanating from g, = 0. Together, these observations
suggest a crystal structure where the NaT3 molecules have
strong ordering along the stacking (a-axis) direction, but have
little to no ordering between the crystallites in the plane. The
broadening of the 7200 reflections indicates a large distribution
in the tilts of long molecular axes with respect to the surface
normal.

B. Real-time grazing-incidence diffraction

We performed in situ GIXRD measurements of the NaT2
and NaT3 films during the deposition process to follow and
characterize the crystallographic structure of the thin film
during growth. Figure 3(a) shows the unit cell parameters
of the NaT2 film on silicon dioxide with increasing nom-
inal film thickness, which determined by deposition time
times deposition rate. The unit cell parameters are deter-
mined from the peak positions of the 100, 111, 102, and
202 reflections. The unit cell changes significantly within
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FIG. 2. Two-dimensional RSMs, with proposed packing motifs and approximate layer height, of (a) NaT2 film on SiO,, (b) NaT3 on SiO,,
(c) NaT3 on ||-MoS,, and (d) NaT3 on L-MoS,. Dashed lines in (a) and (b) indicate diffraction from planes with matching k and / indices,
highlighting the 2D in-plane ordering. Arrows in the RSM in (c) and (d) indicate the scattering peaks from the MoS, (002) plane. The isotropic
diffraction rings belong to the beryllium entry and exit windows of the deposition chamber (at ¢ ~ 0.7A~!, g ~ 1.3A~! and g > 1.7A7").
The surface normal direction is indicated by n in the packing motifs.
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FIG. 3. Real-time GIXRD data of NaT2 deposited on silicon dioxide as a function of nominal film thickness (time x deposition rate).
(a) Unit cell parameters calculated from peak positions of the 100, 111, 102, and 202 reflections on the RSM. The secondary abscissa on top
denotes the approximate number of molecular layers, given by the average layer thickness during the deposition. (b) Unit cell volume and
integrated scattering intensity of the 111 reflection. The dashed vertical line indicates the approximate separation between regions of linear
growth with different scaling factors. Solid lines are guides for the eye only.

the first 4 to 6 nm, corresponding approximately to 2 to
3 MLs, both in the plane (b- and c-axes) and out-of-
plane (a-axis). We attribute the changes in the in-plane
lattice dimensions to strain relief from surface induced
strain. After approximately 6 nm, the in-plane lattice pa-
rameters remain almost unchanged for larger thicknesses of
the film, indicating that the surface-induced strain is fully
relieved after ~3 MLs. On the other hand, the a-axis contin-
ues to compress throughout the entire deposition. The a-axis
compression is most pronounced within the first 2 MLs, and is
accompanied by a 2° shift in the unit cell tilt. After 2 MLs, the
a-axis compression and change in 8 slow down but continue
until the final thickness of 22 nm is reached. We attribute
the a-axis compression and change in 8 to reorganization of
the molecules inside the unit cell. The change in unit cell
volume is shown in Fig. 3(b), revealing an 8% decrease in
between the initial ML and the final film.

The integrated scattering intensity of the 111 reflection
is plotted in Fig. 3(b). For perfect epitaxial layer-by-layer
growth [50], the integrated scattering intensity of a Bragg
reflection is expected to scale linearly with film thickness. In
the case of NaT2 on silicon dioxide, we can distinguish two
regions based on the slope of curve: (1) early-stage growth,
from O to 5 nm, and (2) late-stage growth, which comprises ev-
erything above 5 nm. In both regions, the integrated scattering
intensity is found to scale approximately linearly with the film
thickness, albeit with different scaling factors. We speculate

that this is caused by the film molecules undergoing a restruc-
turing and/or reordering in the transition from early-stage
to late-stage growth. This change in molecular conformation
and/or orientation changes the films structure factor, which
results in different electron densities, and therefore scattering
intensities, of different layers. There is no evidence of peak
splitting in the Bragg reflections, indicating that the structure
changes as a whole and not just with the formation of a new
layer. This picture is consistent with the observed changes in
the unit cell within the first few MLs. A similar change in the
electron density within the first MLs was observed for DIP
grown on silicon dioxide by Kowarik et al. [51].

Figure 4 shows RSMs of NaT2 films on silicon dioxide
measured by ex sifru GIXRD with nominal film thicknesses
of 4 nm and 11 nm, thus corresponding to situations from
the separate growth domains identified in Fig. 3(b). Ex
situ GIXRD measurements allows for longer exposure times
and fine-tuning of the incidence angle, resulting in higher
signal-to-noise ratio of the RSMs. The 4-nm-thick sample,
corresponding nominally to 2 MLs, shows Bragg peaks elon-
gated along ¢, and virtually no 400 reflections, indicative of
limited out-of-plane order (often seen in liquid-crystal like
films). In comparison, the 11-nm-thick sample, corresponding
to five nominal layers, shows many more reflections (in-
cluding several orders of k00 reflections) pointing to a full,
three-dimensional (3D) crystal. The results imply a transition
from predominantly two-dimensional (2D) crystals with little
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(a)

FIG. 4. Ex situ RSMs of (a) 4 nm and (b) 11 nm nominally thick
NaT?2 films prepared on silicon dioxide. The diffuse scattering ring
at ¢ ~ 1.5 A~ originates from the substrate. Dashed lines indicate
scattering from planes with identical k and / indices.

out-of-plane order, to fully 3D crystals with high in-plane and
out-of-plane order. This transition coincides with the transi-
tion from early-stage growth to late-stage growth on Fig. 3(b).
However, we emphasize that the experiment is not identical
to the above-described in situ GIXRD measurements, and that
the films have been exposed to ambient conditions prior to
measurements.

For the NaT3 film deposited on silicon dioxide, it is not
possible to refine the full unit cell from the RSM, but we
can still identify the essential structural characteristics with
increasing film thickness. Figure 5(a) shows the time evo-
lution of the djgp- and (dj1-spacings, measured along the
substrate normal and substrate plane, respectively. The values
are calculated from 27 /g, where ¢ is the peak position of
the 200 and K11 reflections on the RSM. The shaded area
indicates the cutoff before which peak fitting is impossible
due to overlap between the 200 reflection and the off-specular
diffuse scattering from the surface. Once again we observe a

(a) Nominal Film Thickness (ML)

0 2 4
29 7 T T T

—~ Inaccessible
~ region

0 5 10 15

Nominal Film Thickness (nm)

(b) Nominal Film Thickness (ML)
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FIG. 5. Real-time GIXRD data of NaT3 deposited on SiO, as a
function of nominal film thickness. (a) Evolution of out-of-plane and
in-plane lattice parameters. The inaccessible region is due to overlap
between the 200 reflection and off-specular diffuse scattering. (b) In-
tegrated scattering intensity of the h11 reflection and off-specular
diffuse scattering (at ¢, = 0 —0.04 A~" and ¢, = 0.13 — 0.18 A1)
with increasing film thickness.

significant compression of the out-of-plane component of the
unit cell, with the value seemingly starting to plateau after
5 MLs. The unit cell expands by almost 0.1 A along the
[~11] direction within the first 2 nm, after which it continues
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to expand at a relatively constant albeit slower rate until the
final film thickness is reached. These findings point towards a
greater surface induced strain in the NaT3 films, as compared
with the shorter molecule NaT2 films.

Figure 5(b) shows the integrated scattering intensity of the
h11 reflection together with the off-specular diffuse scattering
from the area just above the beamstop on the RSM (g, =0 —
0.04 A" and g, = 0.13 — 0.18 A~"). From the figure, it is ev-
ident that the integrated scattering intensity increases linearly
with the film thickness, in contrast to the NaT2 film, where
two regions with different scaling could be identified. The off-
specular diffuse scattering, which is known to be connected
to surface roughness [52], can be used to gain information
about the film growth. For perfect layer-by-layer growth, the
off-specular diffuse scattering is expected to oscillate with
a period of 1 ML. As the first layer starts to form on the
surface, the surface roughness, and therefore the intensity of
the diffuse scattering, will rise due to the formation of islands.
The surface roughness (and therefore the diffuse scattering)
will reach its maximum at around 0.5 ML, corresponding to
half surface coverage. As the islands starts to coalesce, the
surface roughness and diffuse scattering will consequently
start to decrease, reaching a minimum at exactly 1 ML (i.e.,
a perfectly smooth film with complete surface coverage). The
same pattern would be expected for the formation of the sec-
ond layer and third layer and so on, manifesting as oscillations
in the diffusely scattered intensity with matching amplitude
and a periodicity of 1 ML. An example of such oscillations
in the diffusely scattered intensity in layer-by-layer growth
can be found for the isotropic fullerene C60 in the work
of Bommel ef al. [53]. The diffuse scattering intensity on
Fig. 5(b), however, does not follow the pattern expected for
perfect layer-by-layer growth. Instead, the oscillation period
is slightly larger than 1 ML (1.2 ML) for the first oscillation,
and the amplitude is seemingly damped with each subsequent
oscillation. The attenuation of the diffuse scattering and the
oscillation period not exactly matching 1 ML points towards
imperfect layer-by-layer growth of the NaT3 film. Similar
findings for the off-specular diffuse scattering intensity was
reported for imperfect layer-by-layer growth of o, w-hexyl-
distyryl thieno thiophene (DH-DSTT) [54], which by nature
is closer to our system than the fullerene C60 model system.
The lack of oscillations after 3 ML in the diffuse scattering
intensity suggest that the growth has fully transitioned from
imperfect layer-by-layer growth to 3D island growth (vide
infra).

Finally, we consider the case of NaT3 films deposited on
oriented MoS, surfaces. Figure 6 shows the lattice spacings
as a function of nominal film thickness (i.e., measured by the
QCM) for NaT3 deposited on both ||-MoS, and L -MoS,. For
the NaT3 film deposited on L-MoS;, the compression of the
djpo-spacing is similar to the what was observed for NaT3
on silicon dioxide, while the dj;;-spacing is approximately
3% larger at a film thickness of 0.9 nm (4.69 A compared
to 4.55 A on silicon dioxide). This could be an indication of
a slightly better lattice match between the NaT3 thin film and
the MoS,. An increase in the [A11] direction of the lattice is
also observed on the L-MoS, with increasing film thickness,
reaching a final value of 4.81 A at 15.3 nm. As previously
shown, the NaT3 molecules deposited on ||-MoS, adopt face-

20

28 ]

0 (A)

27 _'
] o NaT3/I-MoS2 ]
NaT3/L-MoS2 -

fog DwumumM:

5.0 .

264

Sa00]
200]

100 ~

Normalized Intensity (a

0 5 10 15 20 25 30
Nominal Film Thickness (nm)

FIG. 6. Lattice parameters and integrated scattering intensity of
the 11 reflection for NaT3 molecules with face-on orientation on
[[-MoS; (blue squares) and edge-on orientation on 1 -MoS, (orange
triangles) with increasing nominal film thickness. The intensity val-
ues are normalized to the final intensity value.

on configuration. The unit cell of the crystalline face-on phase
is significantly larger than the unit cell of the crystalline edge-
on phase found growing on 1-MoS;, clearly evident by the
larger djgo- and dj,;-spacings shown in Fig. 6. For NaT3 de-
posited on [|-MoS,, the digo-spacing first expands slightly and,
after certain film thickness is reached, starts to compress at a
slower albeit constant rate. A similar evolution of the (100)
lattice plane spacing was observed for the thiophene-based
molecule 1-[5-(2-naphthyl)-2,2-bithiophen-5-yl]hexan-1-one
(NCOH) [55]. The dj;;-spacing exhibits the opposite behav-
ior, first undergoing a small compression followed by a slow
expansion. The %11 integrated scattering intensity increases
linearly with the nominal film thickness for NaT3 deposited
on 1-MoS,, For the NaT3 film deposited on ||-MoS,, the
integrated scattering intensity of the 211 reflection scales non-
linearly with effective film thickness.

C. Atomic force microscopy

To characterize the surface morphologies of the thin films,
we used ex situ AFM on samples at various stages of film
growth. We prepared vacuum-deposited films with nominal
thicknesses of 2.0 nm, 4.8 nm, and 14.9 nm, respectively, by
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2.0 nm

FIG. 7. AFM images of vacuum deposited NaT3 films with different nominal thicknesses, as determined by corresponding QCM readings,

on (a)—(c) silicon dioxide, (d)—(f) ||-MoS,, and (g)—(i) L-MoS,.

closing the deposition shutter at corresponding readings of
the QCM. Figure 7 shows the AFM results for NaT3 films
deposited on all three types of substrates. On silicon diox-
ide [Fig. 7(a)], the sample with a nominal film thickness of
2.0 nm, corresponding to 0.8 MLs, displays a morphology
of connected islands that form a near complete ML. A few
islands are observed on top of the first ML, indicating the
nucleation of the second and third layer. The second image
[Fig. 7(b)], corresponding to the sample with a nominal film
thickness of 4.8 nm, shows a completed first layer with taller
islands on top that range in height from 2.5 nm (1 ML)
to 15 nm (6 ML). The final sample [Fig. 7(c)] displays a
film morphology comprised of repeated 3D island formations,
with individual islands exceeding 25 nm in height. Figure S2
in Ref. [49] shows the corresponding height distributions of
the AFM data, where clearly distinguishable peaks can be
identified and attributed to the silicon dioxide substrate, and
the first and second ML of the NaT3 film, respectively. The
NaT?2 film on silicon dioxide follows a similar morphological
progression (see Fig. S3 in Ref. [49]).

The AFM images of samples with NaT3 deposited on
[I-MoS, [Figs. 7(d) to 7(f)] show that the NaT3 molecules
form thin needle-like crystals with heights up to ~60 nm.
The surface coverage of the needles increases with increasing
nominal film thickness, progressing from isolated needles at
2.0 nm to a network of interconnect crystals at 14.9 nm.
However, the maximum height of the needles does not appear
to change with increased film coverage. The film morphology
of NaT2 on ||-MoS; is shown on Fig. S4 in Ref. [49].

Lastly, the AFM image sequence of NaT3 deposited on
1-MoS, [Figs. 7(g) to 7(i)] reveals that the NaT3 molecules
form tall, isolated islands on the L -MoS, surface. From the
image of the first sample [Fig. 7(g)], with a nominal film
thickness of 2 nm, it is evident that the islands are comprised
of tall pillar formations, some of which exceeds 60 nm in
height. From Figs. 7(h) and 7(i), it appears that the number of
islands is increasing with the amount of material deposited on
the substrate, while the individual island morphology remains
unchanged. The surface coverage is mostly incomplete for all
three samples.
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FIG. 8. UV-Vis absorption spectra of NaT3 films with different
nominal film thicknesses deposited on [|-MoS, and BK7 optical
glass, corresponding the face-on and edge-on molecular configura-
tion, respectively.

D. UV-Vis absorption spectroscopy

Figure 8 shows the UV-Vis absorption spectra measured
for NaT3 films of different thicknesses deposited on ||-MoS;.
Corresponding data for NaT3 on BK7 optical glass are pre-
sented for comparison. These cases represent the face-on on
and edge-on configurations of the NaT3 molecules, respec-
tively. The absorption of the pure NaT3 film was obtained by
separately measuring and subtracting the substrate absorption
curve. The spectra prior to the background subtraction are
shown in Fig. S5 in Ref. [49]. The UV-Vis data show an appar-
ent increase of the absorbance with increasing film thickness
for both face-on and edge-on oriented NaT3 molecules, with
the absorbance being significantly higher for the face-on ori-
ented molecules at the same nominal film thickness. This
is expected since the transition dipole moment p of NaT3
is aligned parallel to its molecular long axis. In the exper-
imental configuration, the incident light is perpendicular to
the surface, while the electric field E is within the surface
plane. Thus the absorption is maximized when w and E
are aligned [56], which is the case for the face-on oriented
molecules. Similar results were obtained for diindenopery-
lene (DIP) molecules on |-MoS; [38], and for other small
molecules in face-on configurations [57,58].

The absorption spectra of the face-on oriented molecules
exhibits clear maxima at 364-358 nm, corresponding to the
m—m* transition, in order of increasing film thickness. A
blueshift of the absorption maximum is observed, which is

most prominent from 2 nm to 4.8 nm nominal film thickness.
We suspect that the blueshift of the absorption maximum is
caused by a change in the molecular conformation, especially
considering the change in the lattice a-parameter within the
first few deposited layers (Fig. 6). This result is interesting
since one would expect the absorption peak to be redshifted
with increased film thickness due to dielectric screening ef-
fects with increasing number of molecular neighbors [59,60].
In comparison, the absorption maximum of the edge-on ori-
ented molecules is at 350 nm. Again, we attribute the shift in
transition energy between the two configurations to changes in
the molecular conformation. We point out that the absorption
spectrum in the edge-on configuration is mostly in agreement
with previous reports, with a slight shift of the absorption
maximum [31]. We speculate that this due to slight changes in
molecular conformation in the very thin films measured here.

E. Growth discussion

From the real-time GIXRD data and the ex sitru AFM
images, we can infer certain characteristics of the thin film
growth. Figure 9(a) illustrates the suggested growth of NaT2
and NaT3 on silicon dioxide. The two molecules grow in a
similar manner with a few notable differences. Both films
form crystals with edge-on oriented molecules, but the NaT2
film is more ordered than the NaT3 counterpart. The surface
morphology indicates that the NaT2 molecules initially form
a ML that wets the substrate, and that this wetting layer is
not fully completed before the nucleation onset of the second
ML. The second and third MLs are then formed by epitaxial
growth, and once again the third layer nucleates before the
completion of the second layer. The imperfect layer-by-layer
growth observed in the first 2 to 3 MLs is then followed
by a transition to 3D island growth. This behavior is typical
for Stranski-Krastanov (SK) growth, where 2D layer-by-layer
growth of a wetting layer is followed by 3D growth at a
system-dependent threshold thickness. Moreover, the GIXRD
measurements indicate that the unit cell structure of the first
few layers undergoes a collective change, with further indi-
cations that the molecules inside the unit cell undergoes a
restructuring and/or reordering.

The picture is very similar for NaT3 grown on silicon
dioxide. The off-specular diffuse scattering and the surface
morphology both indicate that the first ML is formed by
imperfect layer-by-layer growth, i.e., the onset of the second
layer nucleation occurs before the completion of the first layer.
However, while the observed morphology indicates that the
molecules start to form 3D islands already on top of the
first ML, suggesting that the substrate-wetting layer has a
thickness of 1 ML, the oscillations of the diffuse scattering
intensity indicate that at least 2 MLs are formed by imperfect
layer-by-layer growth before the growth has fully transitioned
to 3D islands growth. We speculate that the discrepancy be-
tween these two results might be due to the real-time GIXRD
measurements better capturing the kinetics of the growth, and
effects such as postgrowth dewetting [24,26,61] are evidently
not seen.

SK growth is often observed in other systems of rod-like
small-molecules, including other molecules from the
family of oligothiophenes such as «-sexithiophene
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FIG. 9. Schematic of the different growth scenarios reported. (a) NaT2 and NaT3 deposited on SiO, with edge-on oriented growth and
initial growth in closed layers, followed by islanding [typically referred to as Stranski-Krastanov (SK) growth]. (b) NaT3 deposited on ||-MoS,
with face-on oriented molecules and islanding [typically referred to as Volmer-Weber (VW) growth]. (c) NaT3 deposited on L-MoS, with

edge-on oriented molecules and Volmer-Weber type growth.

(a-6T) [23], which has been shown to form a 2-ML-thick
substrate-wetting layer on glass substrates before 3D growth
sets in. In comparison, DIP on silicon dioxide exhibits
layer-by-layer growth for seven monolayers before 3D
growth sets in [20]. The transition from 2D to 3D growth
in DIP (also referred to as rapid roughening) has been
attributed to spatial inhomogeneities, that arise at the
boundaries between coalesced islands in the first ML
due to different in-plane orientation of the molecular tilt
vector [62]. Furthermore, the transition from 2D to 3D
growth is temperature dependent, as demonstrated for the
model system 3,4,9,10-perylene-tetracarboxylic dianhydride
(PTCDA) in the work of Krause et al. [63].

Figure 9(b) illustrates the growth of NaT3 deposited on
[-MoS,. The growth is dominated by substrate-molecule in-
teractions, and this leads to nucleation of needle-like crystal
structures, that grow as isolated islands (Volmer-Weber-type
growth) with the molecules oriented face-on on the substrate.
The surface morphology indicate that the fibers nucleate
immediately upon the substrate without forming an initial
wetting layer, and that the needle density is proportional
to the amount of material deposited on the substrate. Con-
sidering that the needle height does not appear to exceed
60 nm as the density increases, we suspect that the growth
is thermodynamically limited, and that the observed needle
shape is energetically favored under these conditions. The
change in lattice parameters indicate a slow expansion of
the molecular molecular long axis (situated along the [100]
direction of the crystal) followed by a slow compression,
combined with a compression along the [A11] direction of the
crystal followed by an expansion. Interestingly, the turnover
point in the GIXRD data might correspond to the nominal
film thickness at which the needles start to coalesce. Needle
growth is commonly observed for organic semiconductors
on strongly interacting templated substrates [24,64,65], and
has previously been demonstrated for NaT3 on muscovite
mica [37]. Furthermore, DIP molecules deposited onto sim-

ilar ||-MoS, substrates have been shown to form needle-like
crystals, where the average needle height appear to increase
with increasing nominal film thickness [38].

Figure 9(c) illustrates the growth of NaT3 on 1-MoS;,
where the molecules are standing edge-on on the surface.
Edge-on orientation of the molecules points towards weaker
substrate-molecule interactions than for ||-MoS,, presum-
ably because the L-MoS, exhibit chemically active dangling
bonds that are readily oxidized [46], leading to an oxidized
surface, which is expected to interact weaker with the de-
posited molecules. The surface morphology images reveal
Volmer-Weber-type growth, with tall isolated islands. A low
nucleation density of the islands suggests a high nucleation
barrier on the L-MoS, substrate, and the lack of in-plane
correlation agrees well with the GIXRD data. Furthermore,
the surface morphology indicates that the average island size
remains relatively constant with increasing nominal thickness,
and we therefore assume a linear increase in islands density
with increasing nominal thickness based on the integrated
scattering intensity. These findings are surprising since the
aforementioned DIP molecules grow in accordance to the
SK-growth mode on a similar substrate [38].

IV. CONCLUSION

We investigated the molecular structure and growth of
vacuum deposited NaT2 and NaT3 on silicon dioxide and
vertically and horizontally aligned few-layer MoS;, using
real-time in situ GIXRD and complemented these measure-
ments by AFM and UV/Vis absorption spectroscopy. On
device-relevant silicon dioxide, we found that the NaT2 unit
cell undergoes collective in-plane changes within the first
three molecular layers, indicating that surface-induced strain
is relieved beyond this point. This was accompanied by a
significant compression in the out-of-plane direction (along
molecular long axis), which continued, albeit at a slower rate,
until the final film thickness (22 nm) was reached. The NaT3
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film on silicon dioxide underwent changes in the in-plane
and out-of-plane lattice parameters throughout all of the de-
position (0 to 15 nm). The changes in the in-plane unit cell
dimensions are greater compared to NaT2, and indicating a
grater surface-induced strain compared to NaT2, which is
not fully relieved after 6 ML. Both films were found to fol-
low Stranski-Krastanov-type growth, where 2D layer-by-layer
growth is followed by 3D islands growth. Neither molecule
exhibited perfect layer growth of the first, substrate-wetting
ML. In the case of NaT3, the growth was fully transitioned to
3D islands growth after no more than 3 MLs.

By employing vertically and horizontally aligned few-layer
MoS, substrates, the orientation of the molecules could be
controlled during the growth. On ||-MoS,, both NaT2 and
NaT3 molecules adopted face-on orientation, while NaT3
adopted edge-on orientation on L-MoS;. In both cases, the
NaT3 unit cell underwent changes in its djgo- and dj;-
spacings during the deposition, with the largest changes
observed during the initial stages of the film formation. Direct
images of the surface morphology revealed that both NaT2
and NaT3 molecules formed needle-like crystals on |-MoS,,
while the NaT3 molecules formed isolated islands consisting
of tall pillars on L-MoS,. Furthermore, the UV-Vis absorp-
tion (monitored along the surface normal) was significantly
increased in the NaT3 film on ||-MoS, as a result of the
molecules adopting face-on orientation.

These results, in addition to highlighting the capabilities
of in situ GIXRD, manifest the importance of film-substrate

interactions on the growth and structure formation in vacuum
deposited organic thin films. This is important in organic tran-
sistors, where the charge transport takes place in plane within
the first few MLs, and where the transport may be limited by
grain boundaries, as well as in OLED/OPYV applications with
out-of-plane charge transport. In future studies, it would be
desirable to investigate the charge transport in sifu to enable
direct comparison with the here reported variations in unit cell
packing and intergrain connectivity.
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