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Jiang Jing, 2 Benoit Heinrich, ©° Alexis Prel,? Emilie Steveler,? Tianyan Han,?
Ibrahim Bulut,® Stéphane Méry,® Yann Leroy, &2 Nicolas Leclerc, © ¢
Patrick Lévéque, ©2 Martin Rosenthal,® Dimitri A. Ivanov & and Thomas Heiser & *2

Planar conjugated molecular backbones are essential for achieving high charge carrier mobilities along
molecular m-stacking directions but are often concomitant with poor charge transport in other
directions. This is particularly the case for molecules that are functionalized with alkyl chains, which
ensure good processability in solution but introduce detrimental insulating regions. Here, we show that
soluble planar dumbbell-shaped molecules, composed of two triazatruxene (TAT) units covalently
bonded to a central thiophene-thienopyrroledione—thiophene (TPD) segment self-assemble into an
original structure that allows efficient 3D charge transport. Grazing-incidence wide-angle X-ray
scattering investigations as well as micro-focus X-ray experiments on single crystals reveal that the TAT
derivatives form a columnar-nematic mesophase in which columns of stacked TAT units spaced by
molten chains are interconnected by TPD bridges. Upon annealing, a crystalline phase, stemming from
the parent hexagonal mesophase, is obtained with the molecular stacking direction lying in-plane.
Transport measurements in the crystalline phase reveal an unusually high out-of-plane hole mobility of
0.17 cm? V=t st and a lower limit for the in-plane mobility of 0.05 cm? V™! s7%. The results suggest that
the TPD segments bridging neighboring stacks of TAT columns are responsible for efficient hole

rsc.li/materials-a transport in 3D.

1. Introduction

Charge transport is known to be a limiting factor in the
performance of organic electronic and photovoltaic devices.
Much effort has therefore been devoted to better understand
the relationships between molecular structure, self-assembling
and charge transport and to develop materials with high charge
carrier mobilities."® As strong intermolecular coupling and
high structural order are recognized prerequisites for efficient
charge transport,”® many planar conjugated units such as
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triphenylene,® dinaphtho-thieno-thiophene (DNTT),'*** benzo-
thieno[3,2-b]benzothiophene (BTBT) derivatives,"”” polycyclic
aromatic hydrocarbons (PAHs),* or triazatruxene (TAT)"**** have
been used as molecular building blocks'*™® and led to some of
the highest mobilities reported so far for molecular semi-
conductors. However, beyond molecular planarity, charge
transport anisotropy is another critical parameter that must be
taken into account when seeking to improve charge transport.
Indeed, S. Fratini et al. have recently shown that the degree of
charge transport anisotropy determines the impact of dynamic
disorder on charge carrier mobility."*® Their results imply that
molecular packings leading to isotropic transfer integrals are
more tolerant against disorder-induced carrier localization and
are therefore more prompt to achieve high mobilities. In addi-
tion, isotropic charge transport also simplifies the elaboration
of efficient organic devices by avoiding the requirement to align
the high mobility axes with the charge flow direction (i.e. in-
plane for field-effect transistors or out-of-plane for light emit-
ting diodes or solar cells). Yet, with the exceptions of
herringbone-type assemblies, common ordered molecular
solid-state packings lead to intermolecular transfer integrals
that are highly anisotropic.' In the particular case of planar
molecules that can be processed from solution, strong molec-
ular 7-7v stacking interactions often result in efficient charge
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transport along the molecular stacking, while the solubilizing
alkyl chains hinder charge transfer in perpendicular direc-
tions.?*> For instance, discotic molecules based on soluble TAT
derivatives generally self-assemble into columnar structures
that allow efficient carrier transport along the columnar direc-
tion only, giving rise essentially to one-dimensional transport.*
Designing soluble planar molecular semiconductors that lead
to strong w-stacking interactions while allowing efficient 3D
charge transport is thus still a challenging and important target
for organic electronics. In this context, the recent synthesis of
a new family of donor (D)-acceptor (A)-donor (D) type mole-
cules based on two TAT electron donor units and a central
thiophene-thienopyrroledione-bithiophene (TPD) unit, re-
ported by Han et al.,** is of particular interest. Indeed, one of
these DAD compounds was found to support 3D charge trans-
port despite the self-assembling into a columnar mesophase
similar to those of other discotic TAT derivatives.'>*" First
evidence for efficient 3D transport was provided by the prom-
ising out-of-plane and in-plane hole mobilities, of the order of
10 % em? V' s7%, measured in as-deposited films.>* The pres-
ence of two planar TAT units as molecular end-groups may
possibly be at the origin of this astonishing property. However,
a full investigation and optimization of the molecular self-
assembly of this compound and their consequences on charge
transport is still lacking.

In this study, we explored the self-assembly and charge
transport properties of this TAT-based dumbbell-shaped deriv-
ative in greater depth in order to elucidate and take advantage
of the unique structural properties of this molecule to achieve
efficient 3D charge transport. The out-of-plane hole mobility
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was measured in space-charge limited current (SCLC) devices
and reached a maximum SCLC mobility of 0.17 ecm® V' s for
the crystalline state, close to the highest values reported to date
for soluble small molecules,* which was measured along the
molecular stacks in the columnar phase of a discotic TAT
derivative. A lower limit of 0.05 cm® V™' s™" was found for the
in-plane hole mobility in field-effect transistors. Importantly,
the structural investigations demonstrate that the efficient out-
of-plane carrier transport occurs along a direction perpendic-
ular to the molecular stacking, in strong contrast with the
properties of other TAT-based discotic molecular semi-
conductors. Overall, our results show that this remarkable
behavior can be linked to the self-assembly of this TAT-based
dumbbell-shaped derivative into an unusual and distinctive
molecular network that comprises efficient transport pathways
along three dimensions. Finally, while the performances are
still low compared to the best liquid-crystalline 2D semi-
conductors,” the bridged columnar architecture represents
a versatile alternative to other promising liquid-crystalline 3D
structures such as bicontinuous cubic phases.?

2. Results and discussion
2.1. Thermal properties and thin film solid states

The chemical structure of the investigated TAT derivative,
labeled TPD¢s-TATcs, is depicted in Fig. 1a. The synthesis of
TPDcg-TATcg and related differential scanning calorimetry
(DSC) measurements have been reported previously.>* The DSC
investigations (Fig. S1at) showed that the crude sample is in
a mesomorphic solid state and transforms on heating to
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Fig. 1 (a) Chemical structure of a TPDcg-TATcg molecule. (b) GIWAXS pattern of a columnar-nematic thin film on top of a silicon wafer. (c)
Schematic view of the average local-range molecular packing of the columnar-nematic phase and illustration of charge transport pathways. The
system is a fluid or frozen liquid crystal and involves a large amount of structural disorder which is illustrated in the right sketch. (d) Polarized

optical micrograph of a columnar-nematic thin film.
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Fig.2 (a) Polarized optical micrograph (POM) of a thin film of small crystals. (b) POM of a thin film composed of large crystals. (c) GIWAXS pattern

of the crystalline thin film corresponding to (a), indexation of reflection spots (blue labels), and orientations of sublattice axes in reciprocal space
(blue) and direct space (green). (d) Microfocus X-ray diffraction on an isolated crystal of a thin film similar to (b); 350 and 230 are the Miller indices
of reflections lying on the equator of the pattern; o, and g, are the inclination angles of the meridian in the image (see also Fig. S3t for comparison

with crystal orientation).

a columnar-nematic liquid crystal (LC) phase that freezes into
a solid state on subsequent cooling.*** Crystallization from
frozen mesophase never occurred, even after years' storage at
room temperature. However, on staying in the nematic phase
for a few minutes above 120 °C, nucleation of a crystalline phase
is observed, giving rise to cold crystallization and melting peaks
in heating DSC traces. The crystalline phase melts at 165-
170 °C, thus above the clearing temperature in the nematic
state, which is therefore a monotropic phase in the sense that it

This journal is © The Royal Society of Chemistry 2021

can only be obtained on cooling from the isotropic liquid, but
not on heating from the crystal.

The structure and morphology of TPD¢g-TATcg thin films, on
either silicon or glass/ITO substrates, were investigated by
Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS).
Details on film deposition and thermal processing are given in
Section 3. The GIWAXS pattern obtained on as-deposited films
displayed the characteristic broad scattering signals of the
frozen columnar-nematic phase shown by bulk material
(Fig. 1b).>* Specifically, these signals originate from 7-stacking
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distances within columns of TAT units (. = 3.8 A), packing
distances between molten alkyl chains (%, = 4.5 A) and lateral
spacing between columns (D., = 18 A). Correlation lengths
calculated from peak widths using Scherrer equation with
shape factor K= 0.9 are about 3-3.5 nm for /. and 7 nm for D),
representing 8-9 molecules in the piling direction and 4
columns in the lateral direction (Fig. S21). While A, and D
formed continuous rings, &, appeared as an arc centered on
pattern equator, revealing that the direction of alignment of the
columns (i.e. the nematic director) is parallel to the surface and
randomly switches between nematic domains while keeping its
in-plane orientation. The unicity of small-angle peak indicates
a hexagonal-like local range arrangement with unique column
row spacing given by peak position D, and distance between
columns given by (2/y/3) Do.”’ The close matching of this
distance (21 A) and of the distance separating the center of both
TAT units on a given molecule (22 A) indicates that both TAT
units are involved into two neighboring columnar stacks. This
generates an original columnar-nematic self-assembly in which
the columns of stacked TAT units spaced by molten chains are
interconnected by TPD bridges, as sketched in Fig. 1c.
Although, for clarity, this scheme exaggerates the regularity and
persistence length of structural order, it emphasizes that each
molecule is involved in two neighboring TAT-based columns,
introducing potentially efficient hole conducting pathways
through the insulating aliphatic periphery of the columns and
giving rise to what might be termed a “bridged columnar
phase”.

As with the bulk material, specific heating conditions in the
range of the fluid nematic phase (see Experimental section)
initiates a crystallization process (Fig. 2). Accordingly, anneal-
ing as-deposited layers at 145 °C causes the molecules to crys-
tallize in the form of micrometre-sized highly birefringent
needle-like crystals, seen in the polarized optical micrograph
(Fig. 2a). The average size and density of crystalline needles
depends on the spin-coated layer thickness and on the
annealing process (Fig. S131). While after 5 minutes annealing
into the isotropic phase at 180 °C and rapid cooling to room
temperature smooth films of the material in its columnar
nematic state are obtained (Fig. 1d), subsequent heating to
145 °C leads to an assembly of larger but fewer crystals (Fig. 2b,
S13 and S14f), indicating that annealing into the isotropic
phase reduces the number of nucleation centers. The crystal
growth rate at 145 °C was estimated to 25 pm h™* (Fig. S13f¥).

The GIWAXS pattern of a crystallized film is henceforth
composed of spot-like reflections due to the spontaneous
orientation of crystallites with respect to surface (Fig. 2c). In the
small-angle region, the (7k0) reflexes were sufficiently sharp for
indexation according to an oblique lattice of parameters: a,p =
25.2 4+ 0.1 A, byp, = 25.7 + 0.1 A, y,p, = 131 =+ 1°, which corre-
sponds to the lateral arrangement of piled molecules. Given
that both parameters of the unit cell are close to each other and
that the angle is not too far from 120°, it can be supposed that
the observed crystalline phase stems from the parent hexagonal
liquid-crystalline phase. Crystalline domains are predominantly
oriented with the (a, b)-plane orthogonal and b-axis parallel to
substrate, implying that the directions of molecular piling lie in
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the film plane as for the initial mesomorphic structure. The
grouping of strong reflections at low g, is consistent with this
finding. Unfortunately, the diffraction peaks in the wide- and
medium-angle range are broadened and cannot be resolved in
individual reflections, which precludes the full determination
of the three-dimensional structure at this stage. At the same
time, all trials to grow crystals from solutions failed, presum-
ably because a mesomorphic state was systematically obtained.
It turned out that the crystalline state is currently only available
through the above-described thermal treatment in form of
microcrystals, which are unsuitable for laboratory XRD.
However, it was possible to conduct complementary microfocus
X-ray experiments on individual microcrystals of a crystallized
thin film using synchrotron radiation.

Spatially resolved X-ray diffractograms were obtained by
performing 2D scans of large crystals with a step of 1 pm. The
aim of the measurements was to identify the crystallographic
direction corresponding to the long axis of the needle-like
crystals such as the ones observed with an on-axis optical
microscope installed at the ID13 beamline of the ESRF
(Fig. S31). The micro-diffractogram acquired on a relatively
isolated crystal shown in the magnified image in Fig. S3b,}
displays sharp reflexes typical of a crystalline phase (Fig. 2d),
which is in line with the data from GIWAXS measurements.
Similarly, the d-spacings of the (kl) reflexes can be extracted
from the pseudo-powder 1D-reduced diffractogram and fitted to
a 2D lattice with @ = 24.63 + 0.01 A, b = 25.67 = 0.01 Aand y =
129.55 + 0.01°. Given that the sample-to-detector distance is
precise within 20 pm and that the measurements are done on
isolated crystallites, these values are very accurate and specific
of the monocrystalline structure, while the ones obtained from
GIWAXS provide an average set of parameters for the whole
crystallized film.

The crystallographic direction corresponding to the long axis
of the crystal can be determined as follows. Firstly, the two
strongest in-plane (hk0) reflections are indexed to (350) and
(230), the latter being also the strongest in-plane reflection in
the GIWAXS pattern (Fig. 2c¢). The line connecting the (hk0)
reflections is called equator of the pattern. It is observed that
the perpendicular direction (i.e., meridian) is very close to the
long axis of the crystal as can be seen from the inclination
angles o, and o,. Therefore, the long axis of the crystals corre-
sponds to the direction of c-axis, which effectively lies in the film
plane, as the direction of columns in the parent nematic phase.

For both columnar-nematic and crystalline solid states, the
molecular piling direction is thus oriented parallel to the
substrate and should support in-plane charge transport. On the
other hand, for out-of-plane charge transport, the hopping
pathways between adjacent molecular stacks are most impor-
tant. In conventional molecular semiconductors that self-
assemble into lamellar or columnar structures, the molecular
stacks are generally separated by interlayers of alkyl chains that
hinder charge transport perpendicular to the stacking direc-
tion. In contrast, for TPD¢cg-TATcg in the columnar-nematic
phase, the molecules bridging neighboring columns should
support such a transport (as illustrated in Fig. 1c). The same
likely holds for the crystalline films, with molecules bridging

This journal is © The Royal Society of Chemistry 2021
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adjacent columns or layers through the insulating chain
domains. However, since a full elucidation of the crystalline
structure is not yet possible, measuring hole transport
perpendicular to the substrate is currently the only way to probe
the existence of such conducting inter-columnar pathways.

2.2. Charge transport measurements

Space-charge limited current devices provide a convenient and
well-established way to study charge transport in semi-
conducting thin films perpendicular to the substrate and is also
the method we have chosen to investigate out-of-plane charge
transport in TPD¢g-TATcg thin films.***3® As part of this work,
two distinct hole-only SCLC device structures have been devel-
oped, referred to as “standard” and “thick” devices, respectively
(Schemes S1 and S27). Standard devices were fabricated by
sequential deposition of the hole injection and transporting
layers and the organic semiconducting layer, the thickness L of
the latter being of the order of a few hundreds of nanometers.

Controlling the semiconductor thickness is crucially
important for SCLC measurements, since the current density
scales as L °. Surface roughness can lead to a significant over-
estimation of the hole mobility, as shown by numerical simu-
lations in the ESI (Fig. S4 and S5%). Since crystalline TPDcg-
TATcg thin films exhibit a pronounced surface roughness
(Fig. S1b and Sict), we developed the “thick” device structure to
minimize the error margin on L. Thick devices consist of an
assembly of two ITO-glass substrates coated with thin hole
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transporting layers and separated by micrometer-sized spacers
(Scheme S2b¥). The interspace between both substrates is filled
by a layer of TPDg-TAT s powder. The sample is then annealed
under mechanical pressure (applied to both substrates) to form
either the crystalline or the nematic phase. In contrast to
standard devices, the molecular layer thickness is in this case of
the order of tens of micrometers and is well-defined even in the
crystalline state. For both structures, the device fabrication and
annealing conditions are described in more detail in Section 3.

The measurements were performed at room temperature in
either the glassy nematic state or the crystalline state. Repre-
sentative room-temperature current density-voltage curves
measured in both solid states and both device architectures are
plotted in Fig. 3. Additional experimental results are given in
the ESI.T For each device structure, measurements on different
film thicknesses have been performed to verify the absence of
current-limiting injection barriers (Fig. S6 and S77). In accor-
dance with Mott-Gurney's law (see eqn (1) below), the current
density-voltage (J-V) curves measured for different L overlap in
the high voltage range when J x L is plotted versus V/L (Fig. S6a
and S7at).*"** Interestingly, for thick devices, the curves coin-
cide as well in the lower voltage range, when J x L is traced
versus V (Fig. S6bt), as predicted by Ohm's law, in contrast to
standard devices (Fig. S7bt). This can be understood by
considering that in thick devices the background -carrier
concentration (p,) is fixed by residual non-intentional dopants
and is independent of L, while in standard devices the average
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Fig.3 Room temperature current—voltage characteristics of SCLC devices for different device structures and solid states. (a) Standard device in
the columnar-nematic state (250 + 10 nm film thickness). (b) Standard device in the crystalline state (300 nm average film thickness with
a surface roughness of 60 nm). (c) Thick device in the columnar-nematic state (21 &+ 1 um layer thickness). (d) Thick device in the crystalline state
(33 + 1 um layer thickness). The red solid lines represent fits to eqn (1) (corresponding x? statistics: (a) 0.9993, (b) 0.9999, (c) 0.9949, (d) 0.9969).
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Po is determined by carrier in-diffusion from contacts and
decreases with increasing L.>* Moreover, the ohmic resistance of
thick devices (determined from the slope of the J(V) curves at
low voltages) varies linearly with L, as expected, and scales down
to zero at zero layer thickness (Fig. S6ct). The charge carrier
injection barrier can therefore be considered to be negligible in
these devices.

To estimate the hole mobility, we fitted the J(V) curves to the
following equation:**-*

VZ

V9
J = qunpo b2 + gEofrkn T3 1)

where the first term corresponds to Ohm's law and the second
to Mott-Gurney's law. A field independent mobility (uy,) and p,
are used as fitting parameters. The dielectric constant (¢;) was
estimated to 3.0 from the geometric capacitance of a standard
SCLC device. The relevance to compare SCLC data to a sum of
both laws has been recently discussed by Jason A. Rohr** and
was confirmed by our numerical simulations (Fig. S47).

The results obtained on standard devices agree well with eqn
(1) (Fig. 3a and b), suggesting that carrier transport in thin
layers can be described by a field-independent hole mobility.
The corresponding room temperature mobility data and p,
values are summarized in Table 1. The error margins are based
on the histograms shown in Fig. S81 and correspond to the
interval that includes 68% of the number of counts. In the
columnar nematic phase, the SCLC mobility equals (5.0 & 0.8)
x 107*em® V' s™', which is a factor of two above the previously
reported value measured in as-deposited films.>* This difference
is likely due to the larger columnar nematic domains and
higher structural order after annealing. For the crystalline films,
a remarkably high mobility of 0.34 + 0.20 cm® V' s™" is found
when using the average thickness (L). However, this value is
likely to be overestimated due to the high surface roughness, as
shown by the simulated current-voltage characteristics for
a rough surface profile (Fig. S51).

The results obtained on thick devices, for both solid states,
follow closely, but not fully, eqn (1) (Fig. 3c and d). The slight
deviation may be the consequence of an electric field dependent
hole mobility.***** Although the origin and amplitude of the
latter remain uncertain, we tentatively attribute its existence to
the larger number of disordered domains in thick devices (i.e.
crystal or domain boundaries). In the following, this rather
minor effect will be neglected. The corresponding effective field
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independent mobility values are summarized in Table 1. In the
nematic state, the mobility is found to be (2.7 £ 0.5) x 10> cm?
V™' 57", a value slightly below the mobility measured in stan-
dard devices. Since p, is also lower by roughly one order of
magnitude, it is possible that the lower mobility is the outcome
of a reduced occupancy rate of deep electronic states, which
may be acting as hole traps.*** It is worth to note that the
comparable mobility values observed in the standard and thick
SCLC devices suggest that the TAT columns are similarly
oriented (i.e. in-plane) in both cases. The bright Schlieren
textures observed by POM on thick SCLC devices confirm this
assertion (Fig. S2ct). In the case of crystalline films, the field
independent mobility value is estimated to 0.17 £ 0.05 cm> V!
s~'. Although lower than the value measured in standard
devices, this value is close to the highest SCLC mobility reported
so far for solution-processed molecular semiconductors.*®>*3%4°
The factor of two difference in mobility may be the consequence
of both, the higher p, and the higher surface roughness of
standard devices.

We further evaluated the quality of charge transport in both
solid states by measuring the SCLC mobility as a function of
temperature (Fig. S91). Only the temperature dependent
response of standard devices is reported, since charge transport
should be less impacted by crystal boundaries in these devices
and since the surface roughness should not interfere with the
temperature dependency of the current. Given the rather
narrow temperature range accessible to our equipment, we
fitted our data to a simple Arrhenius law defined by:

My = Mo €XP o (2)
kT

where E, is the activation energy for charge carrier hopping, k
the Boltzmann constant, T the absolute temperature and
a pre-factor (Fig. S9bt). In the nematic state, E, is estimated to
0.12 £ 0.01 eV, which is near the lower limit of the range
generally reported for organic semiconductors (0.1-0.6) eV.****
For crystalline films on the other hand, the activation energy
drops down to 0.030 £ 0.008 eV, which is exceptionally low and
corroborates the existence of highly efficient pathways for
charge transport perpendicular to the molecular stacking
direction.

We finally assessed in-plane charge transport in both,
nematic and crystalline states, by measuring the hole mobility
in top-contact-bottom-gate organic field-effect transistors

Table 1 Charge transport properties of TPDcg-TATcg in SCLC and OFET devices

Solid state Devices un at RT [em® V' s7] Do at RT [em™?] E, [meV]
Glassy nematic Standard SCLC (5.0+0.8) x 10°* (1.7 +£ 0.3) x 10™ 120 + 10
Thick SCLC (2.7 £ 0.5) x 107° (3.3 £0.7) x 10" —
Top contact OFET (23+07)x10°* — —
Crystalline Standard SCLC” 0.34 + 0.20° (1.6 £ 1.2) x 10" 30 +8
Thick SCLC 0.17 + 0.05 (2.6 + 2.0) x 10" —

Top contact OFET
Bottom contact OFET

(3.0+1.0)x 1073
(>5.0 + 1.0) x 107> — —

“ The asterisk (*) indicates an overestimated value. Room temperature (RT) is 296 K. Histograms of SCLC and OFET mobility data are shown in

Fig. S8 and S12.

24320 | J Mater. Chem. A, 2021, 9, 24315-24324

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1ta06300f

Published on 25 October 2021. Downloaded by Lomonosov Moscow State University on 3/13/2023 1:10:00 PM.

Paper

(OFET) with channel widths varying between 60 and 90 pm. For
the nematic state, the as-deposited film was annealed for 5
seconds into the isotropic phase (180 °C) followed by natural
cooling to room temperature, while for the crystalline state, the
film was annealed at 145 °C for 40 minutes to obtain a uniform
distribution of relatively small crystalline needles (Fig. S10af).
More details on the OFET preparation conditions, device
geometry as well as the measured electrical output and transfer
characteristics are displayed in the ESI (Scheme S3 and
Fig. S10t). For the nematic state, the field-effect mobility was
estimated from the saturation regime to 2 x 10 * ecm®> v ' s~
This value is about one order of magnitude lower than that of
the SCLC mobility, despite the fact that charge transport should
occur preferentially along the molecular stacking direction,
which lies in-plane in OFET and SCLC devices. Possible reasons
for this rather moderate value could be the small columnar
correlation length, but also, and most importantly, the fact that
since nematic domains are distributed randomly in-plane, not
all of them are best oriented for an efficient conduction through
the channel length. On the other hand, random in-plane
orientation should not affect charge transport in SCLC devices.

For the crystalline state, high contact resistances led unfor-
tunately to strongly non-linear transfer characteristics and
allowed only a rough estimate of the field-effect mobility in the
saturation regime. The latter was found to be approximately 3 x
10~ em® V"' 57" (Table 1). As this value is likely to be impacted
by non-negligible charge carrier trapping, inter-crystal charge
transport (the average crystal size being smaller than the
channel length) and contact resistance, they represent a lower
limit for the hole mobility. To minimize the impact of inter-
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crystal charge carrier hopping on the mobility value, we inves-
tigated additional bottom-contact-bottom-gate transistors
elaborated with large crystals and using a channel length (2.5
um) that was smaller than the average crystal size (Fig. 4 and
S11t). In these devices, a majority of molecular crystals bridged
the gap between source and drain electrodes, covering a signif-
icant fraction of the channel width (W). By considering an
effective channel width that was determined optically to 0.17 +
0.02 cm, (Fig. S111), we estimated the field-effect mobility in the
saturation regime to 0.050 £ 0.010 cm® V' s™' (Table 1).
Although this value remains underestimated due to the
pronounced contact resistance (Fig. 4c and d), it is more than
one order of magnitude above the value measured in large-
channel top-contact OFETs, pointing out that charge transport
may occur very efficiently also along the long axis of the crys-
talline needles, i.e. along the direction of molecular stacking.
More advanced device structures and further optimization of
the crystal growth, which are required to assess the in-plane
mobility more accurately, lies beyond the scope of the present
article.

Overall, the mobility data extracted from SCLC and OFET
measurements, summarized in Table 1, point out a one order of
magnitude difference between out-of-plane and in-plane
mobilities for both solid states. Interestingly, the SCLC
mobility values are systematically larger than field-effect
mobilities, which is rather uncommon, in particular when the
molecular stacking directions are oriented parallel to the
substrate. However, considering the significant impact that
measurement devices generally have on the mobility data (due
for instance to different contact resistances, lengths scales,

0 20 40 60  -80
VgS (V)

Fig. 4 (a) Optical micrograph of source and drain contacts of a bottom-contact-bottom gate transistor with TPDcg-TATcg layer of large
crystalline needles (channel length = 2.5 um, channel width = 1.0 cm). (b) Zoom of dashed area in (a). (c) Output characteristics of the bottom-
gate-bottom-contact OFET. (d) Transfer characteristics in the saturation regime.
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electrostatic environments, carrier densities...), our results
indicate that charge transport in TPDgg-TAT¢g thin films, in
both the mesophase and the crystalline state, is almost
isotropic.

3. Experimental

Film deposition and thermal processing: Thin films were
deposited on top of different substrates (i.e. Si/SiO,, glass/ITO/
PEDOT: PSS or SizN,) by spin coating an anhydrous chloro-
form (>99%) solution of TPD¢g-TATcg in N, atmosphere.
Different annealing steps were applied under nitrogen ambient
to achieve desired solid states:

(a) Nematic state: annealing at 180 °C for 5 seconds
(isotropic phase), followed by rapid cooling to room
temperature.

(b) Crystalline state (small crystals): annealing at 100 °C for 5
minutes, followed by 120 °C for 5 minutes and 145 °C for 40
minutes (cold crystallization). The gradual increase in temper-
ature is used to avoid film de-wetting.

(c) Crystalline state (large crystals): annealing at 180 °C for 5
minutes, followed by rapid cooling to room temperature and
subsequent heating to 145 °C for 40 minutes.

Standard SCLC devices

The standard device structure used for hole mobility measure-
ments is shown in Scheme S1.7 The Indium Tin Oxide (ITO)
coated glass substrates were first cleaned in soapsuds, deion-
ized water, acetone, isopropyl alcohol at 45 °C for 15 minutes
and treated by UV-ozone for 30 minutes. Poly (3,4-ethyl-
enedioxythiophene):polystyrene sulfonate (PEDOT:PSS) was
spin-coated on top of the ITO (5000 rpm for 60 s), dried at 140 °C
for 30 minutes in N, atmosphere and used as hole injection
electrode. A 20 mg mL ™" chloroform solution of TPD¢g-TAT¢g
was spin-coated on top of the PEDOT:PSS layer under nitrogen
ambient. Different thicknesses were achieved using different
spin speeds (typically, 1500 rpm for 60 s leads to a 250 nm thick
layer). Lastly, 7 nm thick MoO; and 120 nm thick Ag layers were
deposited by physical vapor deposition on top of the active layer
under vacuum (<10~ ° mbar). The electrode surface area varied
between 1.0 mm?, and 2.5 x 10”2 mm?. The small device areas
were necessary to avoid the compliance of the measurement
equipment for high mobility samples.

Thick structure SCLC devices

Thick devices were manufactured by first structuring the ITO
layers with acid etching into an array of parallel, 1 mm wide,
ITO stripes. Both glass/ITO substrates were coated by
PEDOT:PSS and used as building block for the final device
(Scheme S27). A suitable amount of molecular powder (0.5-3
mg) was accurately weighted (to the nearest one-hundredth of
a mg) and was deposited on the center of one structured glass/
ITO substrate. Several spacers (8, 20, 28 pm thick) were added
on the four corners in order to define the approximate final
active layer thickness. The second ITO-glass substrate was put
on top of the molecular powder with the electrodes being
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perpendicularly oriented with respect to the ITO strips of the
bottom substrate. The sample was then heated above the
isotropic transition temperature (180 °C) for several minutes
under mechanical compression. Being in the liquid state, the
molecules were able to spread over the device area, while
a mechanical pressure was constantly and evenly applied over
the entire surface of the cell. After cooling to room temperature,
the samples were eventually annealed again at 145 °C for 40
minutes to form the crystalline phase. The final device thick-
ness L of the active layer was estimated by taking into account
the mass m of the organic materials deposited on the first
substrate and the area S occupied by the organic materials as
evaluated from the micrograph (red area of Scheme S2d,f
according to L = m/(pS) and assuming a volume density p of
1.0 mg cm®. The individual diode area was fixed to 1 mm?>. For
each sample, approximately 4 individual diodes could be
characterized.

Field-effect transistors

Bottom-contact-bottom gate transistors were fabricated using
commercially available Si/SiO, substrates with lithographically
defined source and drain contacts. The latter were composed of
ITO (10 nm)/Au (30 nm) bilayers defining a channel length of 2.5
pm and channel width of 1.0 cm. The 230 nm thick SiO, layer
was used as a gate dielectric. The substrates were cleaned in
soapsuds, acetone and isopropyl alcohol and subsequently for
30 minutes in an UV-ozone system. A 5 mg ml~' concentrated
anhydrous chloroform solutions of TPDcg-TATcg were spin-
coated (1500 rpm for 60 s) in N, ambient.

Top-contact-bottom gate transistors were fabricated using
a silicon substrate with a 200 nm thermal silicon oxide (SiO,)
layer as gate dielectric. The substrates were cleaned in soap-
suds, acetone and isopropyl alcohol and subsequently for 30
minutes in an UV-ozone system. A 5 mg ml~" concentrated
anhydrous chloroform solutions of TPDcg-TATcg were spin-
coated (1500 rpm for 60 s) in nitrogen ambient. The top elec-
trodes (7 nm MoOj3; and 120 nm Ag) were thermal evaporated on
top of the active layer under secondary vacuum (<10~ ° mbar).

Electrical characterization

SCLC and OFET devices were characterized in nitrogen ambient
using a probe station and a Keithley 4200 semiconductor
analyzer. A Peltier thermo-module was used for temperature
dependent SCLC measurements. The SCLC devices were placed
directly on top of the Peltier module. The temperature was
measured by a RTD Pt100 sensor and varied between 263 K to
323 K. The field-effect hole mobility was calculated by fitting the
measured transfer curves in the saturation regime to the stan-
dard transistor model.**

Film thickness measurements

The nematic state thin film thickness was measured using
a Bruker Dektak profilometer with a scan speed of 10 um s,
lateral resolution of 0.6 um, and stylus force 1.0 mg. The crys-
talline state thin film thickness and roughness was measured

using atomic force microscopy (AFM).
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Differential scanning calorimetry (DSC)

Differential scanning calorimetry (DSC) measurements were
performed with a TA Instruments Q1000 instrument, operated
at a scanning rate of 5 °C min~" on heating and on cooling

Grazing Incidence Wide-Angle X-ray Scattering (GIWAXS)

GIWAXS measurements were conducted at PLS-II 9A U-SAXS
beamline of Pohang Accelerator Laboratory (PAL) in Korea.
The X-rays coming from the vacuum undulator (IVU) were
monochromated using Si (111) double crystals and focused on
the detector using K-B type mirrors. Patterns were recorded with
a 2D CCD detector (Rayonix SX165). The sample-to-detector
distance was about 222 mm for energy of 11.07 keV (1.120 A).

Microfocus X-ray diffraction

Microfocus X-ray diffraction experiments were carried out at the
ID13 beamline of the European Synchrotron Radiation Facility
(ESRF) in Grenoble (France). For the measurements spin-coated
films of TPDC8-TATCS8 were crystallized on a 1 pm thick sus-
pended SizN, window from Silson Ltd. (UK). The region of
interest on a membrane was identified with an on-axis optical
microscope. The X-ray diffraction measurements were per-
formed with a photon energy of 13 keV (0.9537 A) at a sample-to-
detector distance of (155.96 £ 0.02) mm. The footprint of the X-
ray beam was 2.5 x 2.5 um?. The sample was fixed on a piezo
translation stage, which in turn was placed on a hexapod stage
for coarse movements. The sample was 2D scanned with a step
of 1 um along both coordinates. The resulting 2D diffracto-
grams were centered, geometrically corrected and calibrated
using a corundum standard.

4. Conclusions

In summary, we have explored the solid-state structure and hole
transport in a donor-acceptor-donor type planar dumbbell-
shaped molecular semiconductor comprising two triazatrux-
ene (TAT) end  units and a central thiophene-
thienopyrroledione-thiophene (TPD) unit. The results reveal
that these molecules self-assemble into either an uncommon
bridged hexagonal columnar nematic liquid crystalline phase or
a daughter, crystalline phase, depending on the thermal history.
The (hk0) peaks of the crystalline phase could be indexed to an
oblique unit cell, which is equivalent to a slightly deformed
hexagonal lattice, suggesting that the observed crystalline phase
stems from the parent hexagonal liquid-crystalline phase. Both
phases exhibit a molecular stacking direction lying in plane and
oriented perpendicular to the molecular axes. The conjugated
segments connecting two TAT units then act as intercolumnar
conjugated bridges and are at the origin of unique charge
transport properties. Charge transfer is indeed no longer
limited to intermolecular hopping along one-dimensional
columnar stacks, as usually observed in other single TAT-
derivatives or discotic molecules, but becomes effective in 3D.
In the mesophase, the out-of-plane hole transport was esti-
mated by SCLC to be about 10 ™% cm® V™' s, slightly above the
field-effect in-plane mobility. On the other hand, an
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outstandingly high out-of-plane SCLC mobility of 0.17 cm> V"
s~', in combination with a low activation energy of 30 meV, was
measured in the crystalline phase. Although only a lower limit
of 0.05 cm® V' 57" could be obtained so far for the in-plane
field-effect mobility, the results support the conclusion that
the molecular assembly allows for efficient charge transport
perpendicular as well as parallel to the molecular stacking
direction. Overall, our observations suggest that the two highly
planar TAT end-groups are effectively driving the molecules into
a unique 3D conducting bridged columnar phase, wherein the
molecules are bridging adjacent columns or molecular stacks
through the insulating aliphatic domains. As a consequence, 3D
charge-transport with a low degree of anisotropy, a feature
rarely observed in solution processable crystalline small mole-
cules, could be demonstrated.
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