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ABSTRACT: Transmission electron microscopy has been em-
ployed to investigate the microstructure of nanocrystalline
vacuum-deposited thin films of the small-molecule organic He
semiconductor 2,9-diphenyl-dinaphtho[2,3-b:2/,3'-f]thieno[3,2-b]- Gated:eleazc
thiophene (DPh-DNTT) in functional bottom-gate organic thin- —
film transistors (TFTs) using both cross-sectional and plan-view
specimens. Since the charge transport in organic TFTs is confined
to the first molecular layer adjacent to the interface with the gate
dielectric, the microstructure of this first molecular layer is of ~—
critical importance for the TFT performance, and transmission
electron microscopy (TEM) is the most powerful technique to :
analyze this buried molecular layer. Direct imaging reveals that the
DPh-DNTT molecules are oriented edge-on with their long axis in
the vertical configuration with respect to the gate dielectric surface. An additional phase in which the DPh-DNTT molecules are
oriented in the face-on configuration is observed in the protrusions that typically form in vacuum-deposited DPh-DNTT thin films;
however, this face-on configuration is found only on top of layers in which the DPh-DNTT molecules are in the edge-on
configuration. This suggests that the edge-on configuration serves as a template for the growth of the face-on configuration.
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B INTRODUCTION

The performance of organic electronic devices is intrinsically
linked to the properties of the organic semiconductor

surface topography.” Scanning tunneling microscopy (STM) in
combination with low energy electron diffraction (LEED) has
been used to elucidate the growth mechanism on metal

employed as the active material.”” In organic thin-film
transistors (TFTs), similar to their inorganic counterparts,
the application of a gate-source voltage leads to the formation
of a conductive channel in the semiconductor layer between
the source and drain contacts. In organic TFTs, the mobility of
the charge carriers in the organic semiconductor thin film is
therefore an essential characteristic. This mobility is dependent
on the shape and properties of the individual molecules of the
organic semiconductor and, more importantly, on the
organization and orientation of these molecules in the thin
film, i.e., on the microstructure of the organic semiconductor
layer. Due to the confinement of the charge transport to the
first few nm adjacent to the interface with the gate dielectric,®
the knowledge of the microstructure within this buried
molecular layer is crucial for understanding the performance
of organic TFTs.

Several analysis techniques have been used to characterize
organic semiconductor thin films to link their structure to the
measured electrical performance of the corresponding organic
TFT. Scanning electron microscopy (SEM) and atomic force
microscopy (AFM) are typically applied to characterize the
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surfaces.” X-ray diffraction (XRD) allows studying the crystal
structure of the organic semiconductors on a macroscopic
scale, and grazing incident wide-angle X-ray scattering
(GIWAXS) is an efficient technique to study both the
structure and orientation of large single crystals such as
monolayer molecular crystals (MMCs).° Transmission elec-
tron microscopy (TEM) is a technique frequently used to
obtain site-specific structural information on organic thin films
with high spatial resolution by both imaging and diffraction
techniques.” Most investigations focused on the analysis of
plan-view specimens, where the organic thin film is grown
directly on carbon-based TEM grids*™"" or is floated onto a
TEM grid."” These investigations are limited by electron beam
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damage of the organic material and the critical dose was shown
to be linked to the melting temperature of the molecules.”
Additionally, the preparation of cross-sectional lamellae by
conventional preparation techniques based on Ar* ion
milling,13’14 ultra.microtomy,15 or focused ion beam
(FIB)'®" provides a means for characterization of the first
molecular layer of the organic semiconductor film located
directly on the gate dielectric surface, in which the charges are
transported from source to drain in bottom-gate organic TFTs.
However, such analyses can be found only scarcely in
literature,'® revealing for example the structure of a pentacene
thin film.'® The reason for the infrequent analysis of cross-
sectional specimens by TEM might be the damage induced by
the ion beam and, maybe more critically, by the electron beam
leading to an amorphization of the organic semiconductor
material during TEM specimen preparation by FIB." Indeed,
several publications show cross-sectional TEM images of
organic TFTs, where the organic semiconductor was damaged
and appears with an amorphous structure. ">’
2,9-Diphenyl-dinaphtho[2,3-b:2’,3’-f]thieno[3,2-b]-
thiophene (DPh-DNTT) has been shown to be one of the
most stable and best-performing organic semiconductors for p-
channel organic TFTs with intrinsic channel mobilities larger
than 7 em?V~'s71.>'7** Figure 1 shows a sketch of the DPh-
DNTT molecule and the corresponding molecular crystal
structure in views along different crystallographic directions.”!
Similar to most molecules employed in organic TFTs based on
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Figure 1. Sketches of the crystal structure of the DPh-DNTT
molecular crystal along different crystallographic directions.”' Green,
blue, and red arrows indicate the a/[100], b/[010], and ¢/[001] axes,
respectively. (a) View of a single DPh-DNTT molecule in [110]
projection revealing the central conjugated DNTT core and the two
terminal phenyl substituents, which show a rotation around the ¢ axis
with respect to the DNTT core. (b—d) View of the crystal along the
[100], [010], and [001] crystallographic directions, respectively. The
views in (a—c) reveal the large lattice parameter c in [001] direction
as indicated in (b), corresponding to the length of the molecule, in
comparison to the smaller size of the unit cell in the a,b plane as seen
in (d). (e) Sketch of the face- and edge-on configurations of the DPh-
DNTT molecules in nanocrystalline vacuum-deposited thin films with
respect to the substrate.

vacuum-deposited small-molecule organic semiconductors, the
DPh-DNTT molecules have a sticklike or rod-like shape
(Figure 1a), which leads to a unit cell of the corresponding
crystal with one long and two shorter axes. The long axis of the
molecule corresponds to the [001] crystal direction, with a
length of ¢ = 2.43 nm (Figure 1b). The crystal structure is
monoclinic with @ = 94.3°, as seen from Figure 1b. The [100]
and [010] lattice parameters a = 0.761 nm and b = 0.618 nm
are similar, but not equal (Figure 1d), implying that the
molecular crystal has a low symmetry. Generally, the DPh-
DNTT and related molecules are believed to grow with the
[001] axis in vertical orientation on insulating substrates such
as the gate dielectric of bottom-gate TFTs, i.e., the molecules
grow edge-on, i.e., are “standing” on the substrate (see sketch
in Figure le). Very recently, AFM analyses with high spatial
resolution have shown that some DPh-DNTT molecules also
appear in the face-on or horizontal (Figure le) configuration
with the [001] axis parallel to the substrate surface.”> These
analyses indicated that this configuration is found in the
protrusions (“nanosprouts”), which frequently form in DPh-
DNTT thin films. However, AFM is a purely surface-sensitive
technique, and the question whether the molecules grow in the
face-on configuration only on top of a layer with the edge-on
configuration or also directly on the surface of the gate
dielectric has so far not been answered convincingly. A
microscopic explanation of the excellent electrical performance
of DPh-DNTT TFTs is therefore still missing and requires
further analysis of this structure—property relationship. Due to
the nanocrystalline structure of vacuum-deposited DPh-DNTT
films, macroscopic techniques such as XRD or GIWAXS are
not able to answer this question.

In this work, TEM, scanning (S)TEM and energy-dispersive
X-ray (EDX) analyses were conducted on vacuum-deposited
DPh-DNTT thin films with two different thicknesses and in
two complementary geometries using both cross-sectional
lamellae prepared directly from functional organic TFTs and
plan-view specimens made of DPh-DNTT films grown on
TEM grids. The experimental results show that the DPh-
DNTT molecules adopt an edge-on configuration on the
surface of the gate dielectric of the TFTs. The resulting
crystalline films are composed of nanoscale grains with
characteristic sizes of only a few tens of nanometers. Moreover,
the emergence of domains with the face-on molecular
configuration is identified, which are found only within
protruding features on top of the initial vertically oriented
molecular layer. This is attributed to a templated growth
mechanism similar to what has been observed and is exploited
with MMCs.*®

B RESULTS AND DISCUSSION

Cross-Sectional Analyses of the Functional DPh-DNTT
Layer

Structural Analysis by High-Resolution TEM. Figure 2
shows experimental results obtained from a TEM cross-
sectional analysis of a functional DPh-DNTT TFT with a
measured effective charge-carrier mobility of yg = 4 cm*V~'s™!
(see Figure S1 in the Supporting Information (SI)). A TEM
image at an intermediate resolution is shown in Figure 2a and
reveals the layer system of the organic TFT made up (from
bottom to top) of the Si substrate, the Al gate electrode, the
AlO,/self-assembled monolayer (SAM) gate dielectric, the
DPh-DNTT organic semiconductor, Au source/drain contacts,

https://doi.org/10.1021/acsami.6c01886
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Figure 2. TEM analysis of a DPh-DNTT TFT. (a) TEM image at an intermediate resolution (the scale bar is 100 nm), revealing the layer system
of the device, as labeled in the image. The blue circle highlights a pillar of DPh-DNTT grown on top of a continuous layer. The green ellipse
indicates a region with intermediate dark contrast generated by an overlap of Au and DPh-DNTT layers across the lamella thickness. (b,d)
HRTEM images of the identical sample region for different defocus values as indicated, again revealing the layer system and additionally horizontal
lines in the DPh-DNTT thin film. The blue dashed lines and arrows indicate the position for the line profile generation. The scale bar is 20 nm. (e)
Comparison of three line profiles taken from the images shown in (b) red line, (c) blue line, and (d) yellow line. Twelve fringes with a periodicity
of 2.46 nm can be measured in the DPh-DNTT layer. Two fringes are seen at the interface to the AlO, layer, which are attributed to the n-

tetradecylphosphonic acid SAM.

and the Pt/C protection layer deposited during specimen
preparation. At this magnification, the single-crystalline Si
substrate appears with homogeneous contrast, while several
nanosized crystal grains can be distinguished in the Al gate
electrode due to diffraction contrast. The gate dielectric
appears as a fine layer with slightly darker contrast on top of
the Al gate electrode.

The organic semiconductor layer is continuous but exhibits
a considerable thickness variation on the scale of 10—100 nm,
including small protrusions on top of the continuous layer.
One such protrusion has been indicated by a blue circle in
Figure 2a. This morphology agrees with SEM analyses of DPh-
DNTT thin films from literature®®*” and with results
presented later on in this manuscript. As the underlying
AlO, layer appears completely flat, the inhomogeneous
thickness of the DPh-DNTT layer must originate from the
growth of the DPh-DNTT layer. The morphology of the DPh-
DNTT layer then translates into a similar roughness of the Au
layer on top of the DPh-DNTT film. In several areas, the

interface between the bright DPh-DNTT and the dark Au layer
is not sharp, and regions with an intermediate gray-level
intensity are seen (green ellipse in Figure 2a). This is explained
by a thickness variation of the DPh-DNTT layer within the
TEM lamella in the direction of the electron beam, causing
overlap of both layers and the observed intermediate contrast.

More information about the DPh-DNTT layer structure can
be gained from high-resolution (HR)TEM images. Three
HRTEM images of the identical specimen region but acquired
under different imaging conditions are depicted in Figure 2b—
d. Again, the layer system of the Si substrate, Al gate electrode,
AlO,/SAM gate dielectric, DPh-DNTT organic semiconduc-
tor, and Au source/drain contact is revealed. At this
magnification, individual atomic columns can be distinguished
in the Si substrate oriented in [110] direction. Also, the surface
of the AlO,/SAM gate dielectric exhibits some minor
roughness, with variations below 1 nm in magnitude. The
contrast in these underlying layers as well as in the Au covering

layer is only marginally affected by the application of different
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Figure 3. STEM and EDX analyses of cross-sectional lamella of a DPh-DNTT TFT. (a) HAADF-STEM image showing the layer system of the Si
substrate, Al gate electrode, AlO,/SAM gate dielectric, DPh-DNTT organic semiconductor, and Au source/drain contact. Horizontal lines with a
periodicity of 2.4 nm are seen, confirming the edge-on configuration of the DPh-DNTT molecules. The scale bar is 10 nm. (b) Comparison of
three EDX spectra acquired from three different areas from the Au source/drain contact (blue curve), the DPh-DNTT film (black curve), and its
interface with the gate dielectric (red curve). The areas are marked in (c). The spectra from the DPh-DNTT film and the interface regions have
been multiplied by 4 to allow a better comparison. (c) HAADF-STEM survey image for STEM-EDX analyses. The regions of the spectra shown in
(b) and the position of the line profile shown in (d) are indicated. The scale bar is 20 nm. (d) Line profile across the layers showing the intensity of
the EDX lines of Au (blue, divided by 5), S (yellow), P (green), O (red), C (black), and Al (light blue, divided by 3). See the text for discussion.

defocus values Af of (b) —200 nm, (c) approximately 0 nm,
and (d) + 200 nm. In contrast, a strong contrast change is
observed in the DPh-DNTT film. Under focused conditions
(Figure 2c), the layer exhibits alternating horizontal lines with
weak dark and bright contrast. These lines become more
clearly visible when defocus is applied (Figure 2b,d). The
contrast of the lines is inverted when the sign of the defocus is
changed, which is best visible from the comparison of line
profiles shown in Figure 2e. These line profiles have been
taken from the three aligned images across the layer system, as
indicated by the blue arrow in Figure 2c. The periodicity of the
fringes seen in the DPh-DNTT layer is determined to be 2.46
nm, which corresponds well with the [001] lattice parameter ¢
of the DPh-DNTT crystal (2.43 nm, see Figure 1b).

The observed defocus-induced contrast changes are caused
by the image-formation mechanism in HRTEM. The contrast
in HRTEM images of thin specimens consisting of lighter
elements is governed by the phase contrast, and this phase
contrast is strongly influenced by the applied defocus value.
Figure S2 in the Supporting Information shows a plot of phase-
contrast transfer functions (PCTFs) for the three defocus
values employed here and the parameters of the microscope.
The PCTF indicates, in dependence of the spatial frequency,

how information present in the electron wave after trans-
mitting the specimen is transferred to phase contrast in the
image. The values of Af = &+ 200 nm are large for HRTEM
standards and lead to strong oscillations for higher spatial
frequencies (small distances in the image). The contrast of the
atomic columns in the Si substrate is therefore not directly
interpretable. However, up to the spatial frequency at which
the PCTF reaches its first zero (1.6 nm™', 0.625 nm real space
distance for Af = +200 nm), the information is transferred
with the same sign and an interpretation is possible. Thereby, a
negative/positive defocus value (under-/overfocus) leads to a
dark/bright contrast of an object with a positive potential such
as an atom.”® As the spatial frequency corresponding to the
[001] lattice parameter of the DPh-DNTT crystal (0.41 nm™’,
2.43 nm) is well below this first zero, the observed contrast in
Figure 2b—d indeed makes it possible to gain more
information on the specimen. To understand the contrast,
the projected potential of the DPh-DNTT crystal was
calculated (see Figure S3, Supporting Information). The
calculations show that the positive potential is higher in the
conjugated core (the DNTT section) of the molecule when
compared to the phenyl (DPh) substituent sections attached
to either end of the molecule. The conjugated core will

18076 https://doi.org/10.1021/acsami.6c01886
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therefore appear with a dark contrast in underfocus and a
bright contrast in overfocus conditions. As the line profile
shows an initial maximum in the DPh-DNTT layer for
underfocus conditions (red line in Figure 2e), this maximum
can be identified as the phenyl substituents of the molecules
and thus confirms that the first molecular layer is found edge-
on on the AlO, gate dielectric, and no DPh-DNTT molecules
are found to be face-on on the surface of the gate dielectric.

The analysis of the 12 fringes shows that in the analyzed
area, 12 unit cells of the DPh-DNTT molecular crystal are
oriented edge-on on top of the gate dielectric, which
corresponds to a film thickness of 29 nm, smaller than the
nominal layer thickness of 40 nm. In addition to these fringes,
two additional maxima are seen at the interface to the AlO,
layer for overfocus conditions (Figure 2d and the yellow line in
Figure 2e), which correspond to minima for underfocus
(Figure 2b and the yellow line in Figure 2e). These features
cannot be attributed to amorphous AlO,, which does not show
a variation in the contrast for the different defocus values. The
overall step in the contrast between the AlO, layer and the
DPh-DNTT layer suggests that the extrema do not correspond
to the DPh-DNTT molecules either. Instead, it can be linked
to the n-tetradecylphosphonic acid SAM, which is part of the
hybrid AlO,/SAM gate dielectric and is allowed to form on the
AlO,, surface prior to growth of the DPh-DNTT film. The n-
tetradecylphosphonic acid molecule has a length of 1.95 nm®’
and forms SAMs with a thickness of 1.7 nm, as measured by X-
ray reflectivity.”’ The width of the two extrema in the line
profile (Figure 2e) is measured to be 1.8 nm, which is in
reasonable agreement with the length of the n-tetradecylphos-
phonic acid molecule and the measured thickness of the SAMs.

The detailed HRTEM image analysis thus makes it possible
to identify all layers involved in the TFT fabrication process,
including the n-tetradecylphosphonic acid SAM. Additionally,
it is confirmed that the initial DPh-DNTT layer grows in the
edge-on configuration ([001] direction parallel to the surface
normal), which is the desired orientation for lateral field-effect
transistors.”*> Two additional HRTEM images confirm that
this orientation is consistently found throughout the first
molecular layer (Figure S4, Supporting Information). Figure
SS, Supporting Information, shows three images of an
additional cross-sectional specimen prepared from a substrate
with the same layer system but with a smaller thickness of the
DPh-DNTT film of nominally 8 nm as opposed to 40 nm. For
this smaller thickness, the DPh-DNTT film is not continuous.
However, the DPh-DNTT molecules are still consistently
found in the edge-on configuration, confirming that the initial
growth on the gate dielectric occurs in this orientation.

It is of interest to analyze the size of the domains in which
the fringes in the DPh-DNTT film appear with a similar
contrast. For example, the fringe contrast is found to decrease
in the left part of the HRTEM images in Figure 2b—d, which
indicates a change in orientation with respect to the right part,
which was used to generate the line profiles. These differences
can be linked to the presence of a grain boundary between two
nanosized grains. As the horizontal fringes continue across this
grain boundary, the [001] crystal direction does not change
between these grains, and the molecules are continuously in
the edge-on configuration. The molecular crystal merely
exhibits a rotation around the [001] direction between these
grains. The small size of the domains in the range of 50 nm
suggests that the DPh-DNTT thin film has a nanocrystalline
microstructure, which will be analyzed in more detail below.

Compositional Analysis by STEM and EDX. Figure 3
shows STEM imaging and spectroscopy results obtained from
a second lamella prepared from a DPh-DNTT TFT. The
STEM beam current was set to 1 pA for these measurements
to minimize beam damage and allow an analysis of the device
in its pristine state. An HAADF-STEM image is displayed in
Figure 3a, which again reveals the layer system of the device.
As the contrast in HAADF-STEM images is approximately
proportional to Z'7,>* the Au layer appears with high intensity.
The contrast settings of the image were adjusted to saturate
the Au layer so that contrast variations in the underlying layers
become visible. Below the Au layer, a dark layer is seen, which
corresponds to the DPh-DNTT film. Similar to the HRTEM
analyses, although with a reduced contrast, horizontal lines can
be distinguished within the DPh-DNTT film. The periodicity
of 2.4 nm again corresponds well to the length of the molecule
(c = 243 nm), confirming the edge-on orientation of the
molecules. The lines with a brighter contrast correspond to the
conjugated core of the molecules (DNTT section), which
contains S and exhibits a larger mass density compared to the
two terminal phenyl substituents, as seen from the HRTEM
analyses shown above and the calculation of the projected
potential (Figure S3, Supporting Information). Below the
DPh-DNTT layer, the AlO,/SAM gate dielectric, Al gate
electrode, and Si substrate layers are seen.

Figure 3b—d shows EDX results obtained from the
specimen. Figure 3c shows a HAADF-STEM image, where a
blue arrow indicates the position and direction of the
elemental intensity line profile shown in Figure 3d. The
three rectangles in Figure 3¢ mark the regions from which the
three EDX spectra shown in Figure 3b have been obtained.
The spectrum shown in blue, corresponding to the Au layer,
shows a strong Au—M peak and some intensity for other
elements (C, O, Si), which can be mostly attributed to
fluorescence in nearby specimen regions. The EDX spectrum
of the DPh-DNTT layer (black line in Figure 3b) shows a
strong C—K peak, and also an S—K peak is clearly seen, as
expected from the chemical composition of the molecule. The
O signal can be attributed to both surface oxidation and a
fluorescence signal from the nearby AlO, gate dielectric. The
EDX spectrum taken from the interface between DPh-DNTT
and the gate dielectric (red line in Figure 3b) shows strong Al
and O peaks, as expected from the AlO, composition of the
gate dielectric, together with C and S peaks with reduced
intensity. Again, a Si peak is identified, whose intensity is
similar to the Au region when considering that the data for
DPh-DNTT and the interface region has been multiplied by a
factor of 4, indicating that the signal is not originating from the
specimen itself. A minor peak is also found at the position of
the P K, line at an energy of 2 keV, which is attributed to the P
atom in the anchor group of the phosphonic acid molecules in
the SAM.

In addition to the plot of the three spectra in Figure 3b, the
spatial distribution of the elements across the layer system can
be seen in Figure 3d. For this, the intensity in the respective
peaks was determined and is plotted as a function of the
position along the line profile. The Al gate electrode and AlO,
dielectric can be identified from the high Al (light blue line)
and O (red) intensities, respectively. The DPh-DNTT film
exhibits a constant intensity of C (black line) and S (yellow
line). Right at the interface between the gate dielectric and
DPh-DNTT, a small intensity is found for P (green line). The
Au intensity is found to increase strongly in the vicinity of the
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aC-support

Figure 4. Microstructure analysis using DPh-DNTT plan-view specimens. (a) Bright-field and (b) dark-field TEM images of a DPh-DNTT plan-
view specimen. (c) SEM image of the DPh-DNTT layer grown on the TEM grid revealing the typical morphology with numerous protrusions. (d)
SAED pattern of the DPh-DNTT thin film showing both [001] and [hk0] reflections. (¢) HRTEM image revealing both face-on and edge-on
configurations of the DPh-DNTT molecules, as seen from the inset FFT. A set of 12 unit cells in the face-on configuration was indicated. (f)
HRTEM image of a cross-sectional lamella including a protrusion area. The periodicity of the vertical lines indicates the face-on configuration of
the DPh-DNTT molecule, which is limited to the protrusion, as horizontal fringes indicate the edge-on configuration in the underlying layer. Scale
bars are (a,)b) 300 nm, (c) 1 ym, (d) 1 nm™, (e) 30 nm, inset FFT 0.8 nm™', and (f) 10 nm.

Au layer. In addition, P and S intensities are measured, which,
however, can be attributed to the peak overlap between the
strong Au—M line and the P—K and S—K lines. This overlap is
seen in the comparison of EDX spectra in Figure 3b.

Microstructure Analysis

The results shown in the previous section reveal the edge-on
orientation of the DPh-DNTT molecules in the first molecular
layer located on the surface of the gate dielectric of the TFTs.
In addition to these cross-sectional specimens, DPh-DNTT
thin films were deposited directly onto TEM grids, which
allowed a further analysis of their microstructure. Figure 4
shows the experimental results obtained from TEM analyses of
these specimens. The bright-field (BF) TEM image (Figure
4a) reveals several small dark areas, which correspond to grains
in which the electron beam undergoes stronger diffraction. The
size of these grains is small, in the range 10—100 nm, indicating
a nanocrystalline structure of the DPh-DNTT thin film. This
agrees with the size of the grains found in the cross-sectional
analysis. A similar grain size is seen from the dark-field (DF)
TEM image shown in Figure 4b obtained from the identical
sample region. The amorphous carbon (aC) support film is
visible as a dark (bright) region in the BF (DF) TEM images.
Figure 4c shows an SEM image acquired from the DPh-DNTT
thin film grown on the TEM grid and reveals the typical
morphology of this organic semiconductor,” indicating that the
growth of the molecule on the aC support of the TEM grid is
similar to the growth on the gate dielectric of the organic TFT's
discussed in the previous section. Figure S6 (SI) shows an
SEM image of the functional DPh-DNTT TFT prior to TEM
lamella preparation, revealing a similar morphology.

Figure 4d shows a selected-area electron diffraction (SAED)
pattern acquired from a DPh-DNTT plan-view specimen using
an SA aperture corresponding to a size of 0.6 um’. The
presence of multiple spots again confirms the small grain size
of the individual grains. The three outer rings seen in the

SAED pattern can be linked to [hk0] reflections as indicated
and correspond to DPh-DNTT grains grown in an edge-on
configuration (DPh-DNTT molecules standing upright) on
the substrate as expected from the cross-sectional analysis.
However, additional reflections show up at lower spatial
frequencies, and these reflections can be attributed to the
[001] lattice interplanar spacing (¢ = 2.43 nm). These
reflections thus indicate that in the DPh-DNTT film,
molecules are found in both face-on and edge-on orientations.

The different reflections are located on rings; however, their
distribution on these rings is not homogeneous, and no
reflections are found for specific angular ranges (indicated by
green elipses). Interestingly, it seems that the angular ranges
with missing reflections agree between the [001] and [110]
reflections, which suggests that both directions are related to
each other. Additional SAED analyses indeed indicate that in
many cases, a [001] reflection and a [110] reflection are found
under a similar angle (see Figure S7, Supporting Information).
A comparison of the [110] and [001] lattice parameters shows
that the [001] interplanar spacing ¢ corresponds rather well to
five times the [110] lattice distance d;;,, with a mismatch of
1.5%:

¢ =243 nm = 1.015-5-d,,, = 1.015-5-0.479 nm (1)

These observations suggest that the DPh-DNTT molecules
with face-on orientation grow in an oriented fashion on top of
the [110] direction of an underlying DPh-DNTT thin film
with edge-on orientation due to the fact that the lattice
mismatch between these two directions is relatively small
(1.5%). Such a templated growth has already been observed
for large single crystals (MMCs) by X-ray diffraction
techniques and is exploited to epitaxially grow organic
semiconductor molecules.”® Here, our results suggest that
such templated growth can occur similarly for nanocrystalline
vacuum-deposited films.
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A HRTEM image of the DPh-DNTT thin film grown on a
TEM grid is shown in Figure 4e. The image reveals well-
defined areas with a strong fringe contrast, whose periodicity is
2.4 nm. These areas thus correspond to DPh-DNTT molecules
in face-on orientation, confirming again that this configuration
is present in the DPh-DNTT thin film. The width of 20—30
nm and the elongated shape of these areas with a periodicity of
2.4 nm correspond well to the shape of the protrusions found
in the thin-film morphology, suggesting that these protrusions
correspond to molecules in the face-on configuration. This is in
agreement with recent findings from AFM analyses.”> The FFT
shown as the inset in Figure 4e reveals that in addition to the
[001] spots, numerous [hkO] spots are present, which are
linked to molecules in the edge-on configuration. The
HRTEM images were used to obtain a rough estimate of the
proportion of molecules in edge-on with respect to face-on
configurations. Therefore, the area with face-on molecules was
determined by manual selection in a few HRTEM images.
Assuming an average thickness of 15 and 30 nm of the face-on
and edge-on configurations estimated from cross-sectional
analysis, the volume fraction of face-on molecules is estimated
to be on the order of 5 vol %.

Figure S8, Supporting Information, shows a TEM analysis of
a plan-view specimen of a DPh-DNTT thin film with a reduced
layer thickness of nominally 8 nm. For this reduced thickness,
the presence of molecules in a face-on configuration is strongly
reduced, as indicated by the absence of [001] reflections. Only
strongly defocused TEM imaging reveals the presence of a
small number of face-on molecules. These results indicate that
for this small DPh-DNTT film thickness, the growth of the
face-on configuration is still incipient, which strengthens the
idea of a templated growth on top of a (continuous) thin film
with molecules in an edge-on orientation.

From the TEM analyses of the plan-view specimens, we
cannot conclude whether the molecules with a face-on
configuration in the thick DPh-DNTT thin film are located
within the first molecular layer (i.e., directly on the substrate
surface) or on top of edge-on DPh-DNTT molecules. To
obtain this information, additional cross-sectional analyses
were conducted, specifically focusing on imaging the DPh-
DNTT molecules in the protrusion areas. Figure 4f shows an
HRTEM image of such a cross-sectional specimen including a
protrusion. The image first again confirms the layer structure of
the organic TFT (Al, AlO,/SAM, DPh-DNTT, Au). Second,
the edge-on configuration of the DPh-DNTT molecules on top
of the AlO,/SAM gate dielectric is seen from the horizontal
fringe contrast, similar to the previous analyses. In addition,
vertical fringes with a periodicity of 2.4 nm can be
distinguished in the protrusion, confirming the face-on
orientation in this area. These vertical fringes are limited to
the protrusion, which therefore suggests that the face-on DPh-
DNTT molecules indeed grow on top of an underlying film
with edge-on molecules. The additional HRTEM images
shown in Figure S9 (SI) acquired at different defocus values
and from a second protrusion region confirm this specific
combination of a face-on configuration located on top of an
underlying edge-on configuration of the DPh-DNTT thin film.
However, these HRTEM images only allow us to determine
the [001] direction of the molecules and therefore cannot be
used to gain further information about a possible templated
growth suggested by plan-view HRTEM and SAED analyses
(Figure 4d,e), requiring further experiments to fully confirm
the growth mechanism of the DPh-DNTT films.

B CONCLUSIONS

The detailed transmission electron microscopy (TEM)
investigations on vacuum-deposited 2,9-diphenyl-dinaphtho-
[2,3-b:2",3/-f]thieno[3,2-b]thiophene (DPh-DNTT) organic
semiconductor thin films give important insights into their
microstructure. Cross-sectional analyses confirm that the first
few layers of the organic semiconductor on top of the gate
dielectric in organic thin-film transistors (TFTs) exhibit an
edge-on configuration of the molecules. Furthermore, a face-on
configuration of the molecules is found in the protrusion areas,
which grow on top of the underlying thin film with an edge-on
configuration. High-resolution imaging and spectroscopy
analyses also allow the identification of the n-tetradecylphos-
phonic acid self-assembled monolayer (SAM) that is part of
the gate dielectric of the transistors.

Microstructure analyses of the DPh-DNTT thin film reveal a
small grain size of less than 100 nm. This small grain size
results in the presence of multiple grain boundaries in the thin
films. Thereby, adjacent grains show a rotation of the
molecular crystal around the [001] axis, implying that
molecules are in an edge-on configuration for all grains
grown on the gate dielectric. As the DPh-DNTT organic
semiconductor exhibits excellent charge-carrier mobilities,
these grain boundaries can be expected to have only a small
impact on the mobility, which is in contrast to studies of
pentacene thin films. SAED patterns obtained on DPh-DNTT
thin films suggest that the [001] reflections are linked to the
[110] reflections. As there is only a relatively small lattice
mismatch between the ¢ and 5d;;, interplanar distances, the
DPh-DNTT molecules grown edge-on are assumed to
represent a template for the growth of the molecules in the
face-on configuration, similar as has been observed for large
single-crystalline monolayer molecular crystals (MMCs).*

B METHODS

Specimen Preparation

Two types of specimen were fabricated: functional DPh-DNTT TFTs
on silicon substrates for cross-sectional TEM analysis and DPh-
DNTT thin films deposited onto commercial TEM grids (holey
carbon + continuous ultrathin carbon film) for plan-view TEM
analysis. The TFTs were fabricated on heavily doped silicon
substrates in the inverted staggered (bottom-gate, top-contact) device
architecture. In the first step, a 30 nm thick layer of aluminum was
deposited by thermal evaporation in vacuum at a base pressure of
1077 mbar with a deposition rate of 2.5 nm/s.>* This unpatterned
aluminum layer serves as the gate electrode of the TFTs for current—
voltage measurements. The aluminum surface was exposed to an
oxygen plasma (oxygen flow rate: 30 sccm; oxygen partial pressure: 10
mTorr; RF power: 200 W; duration: 30 s) to increase the thickness of
the native aluminum oxide on the surface of the aluminum gate
electrode to about 6 nm. The substrate was then immersed into a 1
mM solution of n-tetradecylphosphonic acid in 2-propanol for a
duration of 1 h to allow the formation of a self-assembled monolayer
(SAM) on the aluminum oxide surface. To stabilize the SAM, the
substrate was heated to a temperature of 80 °C for S min, resulting in
a hybrid AlO,/SAM gate dielectric with a thickness of about 8 nm and
a unit-area capacitance of 700 nF/cm2*° A layer of DPh-DNTT with
a nominal thickness of 40 nm was then deposited by thermal
sublimation in vacuum with a deposition rate of 0.04 nm/s. During
the DPh-DNTT deposition, the substrate was held at a temperature of
90 °C. In the final process step, gold source and drain contacts with a
thickness of 30 nm were deposited by thermal evaporation in vacuum
with a deposition rate of 0.03 nm/s through a silicon stencil mask.>*
Deposition rates and nominal layer thicknesses were measured by
using a quartz-crystal microbalance. The current—voltage character-
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istics of the DPh-DNTT TFTs were recorded using an Agilent 4156C
Semiconductor Parameter Analyzer in ambient air at room temper-
ature. An additional specimen following the same recipe was prepared
but with a nominal thickness of the DPh-DNTT film of 8 nm. For
plan-view TEM analysis, a layer of DPh-DNTT with a nominal
thickness of SO nm (8 nm for a second specimen) was deposited by
thermal sublimation in vacuum with a deposition rate of 0.04 nm/s,
and the substrate was held at a temperature of 90 °C.

A schematic cross-section of the TFT and measured current—
voltage characteristics of the studied functional DPh-DNTT TFT are
shown in Figure S1 (SI).

Electron Microscopy

A Titan® (Thermo Fisher Scientific) transmission electron microscope
was used for conducting high-resolution (HR)TEM and SAED
analyses of the DPh-DNTT specimens. The microscope is equipped
with a field-emission gun, operated at 300 keV, a monochromator,
and an aberration corrector for the imaging lens system. A XF416(R)
CMOS camera (TVIPS GmbH) was used to acquire TEM images
and SAED patterns. SAED patterns were acquired under electron
doses well below 2 e"A™%, while it was increased to up to
approximately 25 A~ for high-resolution (HR)TEM imaging.

Furthermore, a double-corrected Themis Z microscope (Thermo
Fisher Scientific) was used for STEM imaging and STEM-EDX. EDX
was performed using a Super X 4-quadrant detector. The STEM
convergence angle was 30 mrad, and the HAADF collection angle was
62 mrad.

ReciPro software has been used to calculate the projected
potentials of the DPh-DNTT crystal.*®

While the DPh-DNTT thin films directly grown on the TEM grids
were investigated as is, a Helios G4 (Thermo Fisher Scientific) dual-
beam machine with combined focused ion beam (FIB) and scanning
electron microscopy (SEM) was employed to prepare two TEM
lamellae from the functional DPh-DNNT organic TFT's following a
standard procedure. While this standard procedure typically leads to
the amorphization of many molecular crystals (e.g., of pentacene) as
seen both in literature”® and in recent own works, the DPh-DNTT
organic semiconductor remained crystalline, which is attributed to its
high-temperature stability.”’

B ASSOCIATED CONTENT

Data Availability Statement

The data (images, spectroscopy, and graph data) are freely
available on Zenodo: 10.5281/zenodo.17344166.
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